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As the human population and expectations of quality of life continue to increase, with it so 
does the demand for energy. Until recently, much of this energy has been obtained through the 
combustion of fossil fuels. As these natural carbon sinks are consumed for energy and 
transportation, carbon which was once sequestered in the earth’s crust is being released into 
the atmosphere at an unsustainable rate. Current CO2 levels are the highest on record which 
has resulted in a decrease in ocean pH having devastating effects on marine ecology. Further 
high CO2 levels combined with elevated levels of other greenhouse gases (i.e. CH4, NO2) has 
been proven to increase the absorption and reflection of surface radiated infrared light in the 
atmosphere, resulting in increased global temperatures, generating devastating weather 
patterns which are only expected to continue to grow in both intensity and frequency. The 
human race now seeks renewable energy sources which can be carried out sustainably with 
significantly reduced net carbon emissions. Solar, wind, hydro, thermal and nuclear are all 
examples of renewable energies which are now gaining increased interest as we try to curb our 
reliance on fossil fuels. Biofuel is one potential source of energy which if harnessed can help 
in achieving a sustainable future. Plants are able to harness light from the sun and convert it 
through photosynthesis into carbon-rich lipids which can then through various technologies be 
converted into fuel sources and or other oil-based products. Biomass for biofuels can be 
obtained from four main sources; 1. Food crops such as corn and soy; 2. Forestry waste and 
other high lipid content terrestrial crops which are grown specifically for fuel production; 3. 
Algal biomass generated from unaltered species found in nature; and 4. Algal biomass 
generated from algae with altered genomes for increased carbon capturing capacity, biomass 
productivity, and lipid accumulation. For the past few decades microalgae have been gaining 
interest for their high solar radiation conversion efficiencies, high growth rates and the ability 
to be grown in relatively low-quality, high salinity water in locations which would otherwise 
be unsuitable for terrestrial plant production.  
There are several issues which make the production of fuel from microalgae uneconomical, 
one of these being high energy requirements in the harvesting and dewatering of biomass. 
Botryococcus braunii is a green microalga with the unique ability to synthesize and store lipids 
externally. This species of microalga grows in colonies of cells surrounded by an extracellular 
matrix (ECM) of hydrocarbons. Not only are these lipids accessible without the loss of cellular 
integrity, but B. braunii can synthesize and replace extracted hydrocarbons for future 
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extractions. Botryococcus braunii is a relatively slow-growing species of microalgae which 
makes conventional extraction difficult, the re-use of cells means the culture does not need to 
replace cellular components, only extracted lipids. This allows for a higher density culture post-
extraction for increased lipid productivities. The nutrients associated with cellular growth are 
also retained which significantly reduces the nitrogen and phosphorus requirements and 
ensures the sequestered carbon is utilised in extracellular lipid production rather than cellular 
structure. Furthermore, solvent extraction from B. braunii can be carried out in-situ, 
significantly reducing the harvesting and dewatering requirements of the process.  
The purpose of this study was to determine from the literature which of the four known races 
of B. braunii (A, B, S and L) is likely to be best suited to a repetitive extraction process, which 
solvent should be used for the extraction process, and which method of extraction is likely to 
result in the highest extraction efficiencies while retaining cellular integrity for future 
extractions. The selected strain was then tested for its tolerance to hydrodynamic shear while 
exposed to the extracting solvent. The optimal culture/solvent ratio and mixing intensity were 
then used at different initial culture densities and culture recovery periods to find the optimal 
sustainable lipid productivity for the strain tested. Using this data, a basic mass balance of the 
extraction process was carried out and scaled up for an indication of the potential savings in 
culture nutrient and area requirements compared to conventional solvent extraction found in 
the literature.  
B Race was chosen for this study due to its ability to accumulate high lipid content, of a suitable 
nature and purity for biofuel production. Initially, heptane was chosen as the extraction solvent 
for its high extraction efficiency, low cost, low boiling point and biocompatibility with B. 
braunii. From initial solvent extraction runs it was evident that B. braunii was unaffected by 
the levels of hydrodynamic shear tested in the absence of solvent. Once heptane was added to 
the culture a drop in culture quantum yield was observed. After four hours of exposure to shear 
rates of up to 415 s-1 with solvent present no irreparable damage to B. braunii was observed. 
At this rate, the culture quantum yield and lipid content were able to recover in three days at 
an initial density of 1.62 g L-1. This was repeated three times with the culture recovering to a 
healthy state at the end of each recovery phase, achieving total lipid and botryococcene 
productivities respectively of 71.3 and 29.9 mg L-1 d-1. The same conditions were tested with 
dodecane, a solvent with lower toxicity, which proved ineffective with a maximum total lipid 
productivity of 4.06 mg L-1 d-1. For comparison purposes column extraction, a low shear high 
solvent contact method of extraction, was then tested with both dodecane and heptane. This 
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proved ineffective with low botryococcene productivities respectively of 6.4 mg L-1 d-1 and 1.1 
mg L-1 d-1, which is likely due to a lack of applied shear stress on the culture, an important step 
in the disruption of colonies and the release of ECM contents. Based on the productivities 
achieved, high shear solvent extraction with heptane was selected as having the highest 
potential for scale-up. Using the data obtained from completed repetitive extractions and 
growth data available in the literature a mass balance around the culture recovery and solvent 
extraction was carried out and scaled to open raceway pond conditions.  
The completed mass balance showed the potential for total lipid and botryococcene 
productivities respectively of 41.8 and 104.4 mg L-1 d-1, significantly higher than that reported 
in current literature (< 16 mg L-1 d-1). The uniquely high lipid content of B. braunii (B Race) 
combined with the retaining of cellular biomass post extraction results in exceptionally low 
nutrient requirements for the non-destructive extraction process (approximately one third when 
compared to destructive extraction from Dunaliella spp.). Further, the high lipid productivities 
of this process result in projected pond areal requirements of less than half of that expected 
from a conventional 3rd generation biofuel process. As cultivation and extraction technologies 
continue to advance resulting in increased recovery rates from improved cultivation conditions 
and more efficiency extraction techniques it is likely the operating and capital costs of this 
process will in time reduce for more affordable 3rd generation biofuel. This combined with 
continued increase in fossil fuel prices may one day be enough to tip the scales favouring 
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Variable Symbol Units Description 
Extraction 
efficiency 
𝐸𝑥𝑡𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝑒𝑓𝑓   
Percent of lipid or botryococcene 
extracted from the culture biomass 
Total lipid  𝑙𝑖𝑝𝑖𝑑  Total lipid mass in the sample  
% lipid content %𝑙𝑖𝑝𝑖𝑑  % of the biomass which is lipids  
Biomass 𝑚  Total biomass of sample 
Non-lipid  𝑛𝑜𝑛𝑙𝑖𝑝𝑖𝑑𝑛  Total non-lipid mass in the sample 
% non-lipid %𝑛𝑜𝑛𝑙𝑖𝑝𝑖𝑑𝑛  % of the biomass which is not lipids 
% botryococcene %𝑏𝑜𝑡  
% of the lipid mass in the sample 
which is botryococcene 
Relative quantum 
efficiency 
(𝐹𝑉 𝐹𝑀⁄ )𝑅𝑒𝑙 - 
Cultures maximum quantum efficiency 
at the time of measurement relative 
initial quantum efficiency 
Quantum 
efficiency 
(𝐹𝑉 𝐹𝑀⁄ ) - Cultures maximum quantum efficiency  
Initial quantum 
efficiency 
(𝐹𝑉 𝐹𝑀⁄ )𝐼𝑛𝑖𝑡𝑖𝑎𝑙 - 
Cultures maximum quantum efficiency 




Minimum mixing rate required to 




Ratio of culture volume to solvent 




Dimensionless number used to account 
for the effect of vortexing on the power 
number (NP).  
Power number 𝑁𝑃 - 
Dimensionless number used for 
estimating the power consumed by an 
impeller 
Froude number 𝑁𝐹𝑟 - Ratio of flow inertia to external field 
Reynolds number 𝑁𝑅𝑒 - 
Ratio between the inertial and viscous 
forces in a fluid 
Power input 𝑃 kg m2 s-3 
Impeller power input to the extraction 
vessel 
Mixing rate 𝑁 s-1 Impeller mixing rate  
Shear rate 𝛾 s-1 
Shear rate applied by the impeller in 
the extraction vessel 
Constant 𝑎 1 
Used in determining  
𝜙. Dependent on reactor configuration. 
Constant 𝑏 40 
Used in determining  
𝜙. Dependent on reactor configuration. 
Constant 𝑐 - 
Constant used to determine shear rate 
from mixing rate 
Constant 𝑑 - 
Constant used to determine shear rate 
from mixing rate 
Ash free dry 
weight 
AFDW mg Dry weight with ash content excluded 
Percent of dry 
weight 






mg L-1 d-1 
mg g-1 d-1 
Total lipid or hydrocarbon productivity 
per litre of culture or per gram of 
biomass (dry).  
Particle velocity 𝑣𝑝 m s
-1 
Velocity of culture particle through 
solvent 




Average retention time of culture drops 




3 Volume of culture in extraction 
column 
Culture flow rate 𝑄 m3 s-1 
Flow rate of culture through extraction 
column 
Number of culture 
droplets in column 
𝑛𝑝,𝑐 - 
Number of culture droplets in 
extraction column at any one time 
Droplet volume 𝑉𝑝 m
3 





2 Surface area of culture exposed to 
extraction solvent in column extractor 
Culture droplet 
area in column 
𝐴𝑝,𝑐 m
2 Average surface area of a single drop 
of culture in column extractor 
Number of 
droplets in shake 
flask  
𝑛𝑝,𝑠 - 
Number of droplets in shake flask 
extractor at any one time, 
photographically counted to be 
approximately 280 
Constant 𝐶 s m-1 






Surface area of culture exposed to 
extraction solvent in shake flask 
extractor 
Shake flask area 1 𝐴𝑠,1 m
2 
Surface area of culture exposed to 
extraction solvent in shake flask 
extractor section 1 
Shake flask area 2 𝐴𝑠,2 m
2 
Surface area of culture exposed to 
extraction solvent in shake flask 
extractor section 2 
Shake flask area 3 𝐴𝑠,3 m
2 
Surface area of culture exposed to 
extraction solvent in shake flask 
extractor section 3 
Culture droplet 
area in shake flask 
𝐴𝑝,𝑠 m
2 
Average surface area of a single drop 
of culture in shake flask extractor 










The propensity of a neutral compound 
to dissolve in an immiscible biphasic 







Constant Symbol Value Units Description 
Culture density 𝜌𝑐 1000 kg m
-3 Density of agitated fluid 
Heptane density 𝜌ℎ 684 kg m
-3 Density of agitated fluid 
Dodecane 
density 
𝜌𝑑 750 kg m
-3 Density of agitated fluid 
Diameter 𝐷 0.036 m 












Volume of culture extracted in 
column extractor 
Culture volume 
in shake flask 
𝑉𝑠 0.00035 m
3 
Volume of culture extracted in 
shake flask extractor 
Culture 
Viscosity 
𝜇𝑐 0.00089 kg m
-1 s-1 







kg m-1 s-1 Viscosity of heptane 
Dodecane 
viscosity 
𝜇𝑑 0.00136 kg m
-1 s-1 Viscosity of dodecane 
Gravity 𝑔 9.8 m s-2 




𝐿𝑑 1.15 m 
Total height of dodecane extraction 
column 
Height of shake 
flask section 1 
ℎ1 0.008 m 
Height of base cylinder of spout in 
shake flask 
Height of shake 
flask section 2 




𝐷1 0.115 m 
Diameter of the area at the surface 




𝐷2 0.026 m 





𝐷3 0.043 m 








There are a number of people who provided valuable support throughout the duration of this 
doctorate. Without these people the completion of this thesis would not be possible, for which 
I will be forever grateful.  
Professor Parisa A. Bahri and Navid R. Moheimani, your expertise in the field, constant support 
and continued regular contact regardless of the busy work schedules, and the thousands of 
kilometres separating us towards the end of this thesis was greatly appreciated. Parisa, even 
with what sounds like the workload of ten people, the quality and depth of your feedback never 
wavered. Navid,  having you at the Centre eager to answer any questions, at any time of the 
day was invaluable, I do not know how you get anything done with all the students at the Centre 
constantly knocking on your door, but without it, I would have been lost. Thank you both for 
putting your trust in me and taking me on to begin with, I am not sure what you were thinking, 
but I am grateful none the less.  
I would like to thank all my colleagues, students and volunteers at the Algae R & D Centre 
who were more than happy to provide advice and assistance where needed. Risa S. Wijihastuti, 
who put aside a great deal of time in the early stages of this doctorate to help with culture 
maintenance and learning lab methods which proved integral in the analysis of experimental 
work. Preeti Mehta, with whom a paper on the continuous extraction of botryococcene with 
dodecane was completed. Your eagerness and dedication to getting experiments setup and 
completed during your time in Perth was inspiring. Marc Hampton and Caitlin Sweeney from 
the School of Engineering and Information Technology, for running what seemed to be an 
endless supply of GC/MS samples and providing advice with regards to method manipulations.  
Finally, I would also like to thank my family and friends, who showed interest, encouragement 
and offered moral support during this endeavour. My partner and “sponsor” Genevieve Fahey, 
I think you were more excited about the completion of this thesis than I. My appreciation for 
your patience and support, which at times I may have taken for granted, particularly in the past 




Chapter 1: GENERAL INTRODUCTION 
 PROBLEM STATEMENT (IN BRIEF) 
The problem statement for this thesis is outlined in more detail in the introduction section of 
the literature review in Chapter 2. 
The production of energy and the use of fossil fuels in transportation has resulted in record-
high greenhouse gas levels. 3rd generation biofuels from microalgae offer a source of renewable 
biofuel production with higher growth rates and lipid content than terrestrial alternatives and 
can be grown in low quality and/or saline water on non-arable land. Due to low culture 
densities, these processes require large amounts of energy for dewatering and drying. As a 
result, the current pathway for producing 3rd generation biofuels from microalgae is not 
commercially viable. Botryococcus braunii is a unique species of microalga which grows in 
colonies surrounded by lipids. These lipids can be extracted in-situ, removing the need for 
dewatering and drying, two of the most energy-intensive processes in the microalgal biofuel 
production process. Furthermore, the culture is then able to go on to replace extracted lipids 
for future extractions significantly reducing the demand for expensive growth-related vitamins 
and nutrients. There are four different races of B. braunii, each producing different quantities 
of hydrocarbons unique to each race. There are also a number of solvents which can be used 
for lipid extraction and several different ways in which this can be achieved. Several studies 
have attempted repetitive extraction from B. braunii; however, strain, solvent and extraction 
process selection and optimisation remain incomplete. Once these variables have been decided 
on, the limit to which B. braunii can be extracted while maintaining a sustainable extraction 
regime must be found. The solvent contact period, shear rate, recovery period and culture 
density are all important factors which must be optimised to ensure the highest possible lipid 
yield. These parameters can then be used to predict the potential of this extraction process to 




 RESEARCH QUESTIONS 
Which race, solvent and extraction process are best suited to repetitive, non-destructive 
extraction of lipids from B. braunii? 
Botryococcus braunii strains can be grouped into four races each with the ability to produce 
different hydrocarbons and store them in varying quantities. The nature of the hydrocarbons 
extracted will affect the value of the crude oil product. Further, botryococcene, a hydrocarbon 
produced in high quantities from B Race has been found to have certain dermatological effects 
making it a potential high-value product which could bring the net cost of crude oil production 
down. Several solvents have been used for the extraction of lipids from B. braunii, with a wide 
range of extraction efficiencies and biocompatibilities. For this process to be scalable the 
solvent used also needs to be accessible and easily separated from the extracted lipid 
downstream. Comparisons between solvents have been made in the literature; however, the 
solvent selected is often related to the extraction method used. Extraction methods with high 
solvent exposure periods require solvents with low toxicity while extraction methods which 
are short require solvents with high toxicity and high extraction efficiencies.  
What effect does hydrodynamic shear have on the condition of B. braunii during extraction 
and culture recovery post-extraction? 
The effect of hydrodynamic shear on B. braunii is an important aspect to consider in extraction 
vessel design. High mixing rates tend to come with high shear rates which are beneficial for 
extraction efficiency; however, if the culture is unable to withstand these shear rates while 
under the stress of solvent toxicity, culture collapse is likely to result. Finding the limit to how 
much shear we can apply will provide optimal mass transfer dynamics and solvent contact for 
extraction resulting in high lipid yields.  
How frequently can we extract lipids from B. braunii using this extraction method while 
maintaining a healthy culture? 
Once the limits to which B. braunii can be extracted without killing the culture and the time 
that it requires to recover have been found, the response to repeated extractions must be tested. 
While repeated extraction has been carried out in previous work, the extraction method and 
solvents used differ significantly from that used in this study. This will have a significant effect 
on the lipid productivity with a higher extraction frequency resulting in higher productivities.  
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Does the increased solvent contact in a column combined with the low toxicity of dodecane 
allow for a continuous extraction process?  
By passing the culture through a column of solvent we can achieve high levels of 
culture/solvent contact without exposing the culture to high levels of shear. Dodecane is a 
solvent which typically has low extraction efficiencies with high biocompatibility. How does 
a high contact method with a low toxicity solvent compare to low contact with high shear? If 
this extraction could be carried out in a continuous manner where the lipids produced by B. 
braunii are extracted as they are synthesized, the process can be carried out in a single step 
potentially reducing capital and operating costs of the process upon scale-up.  
How does column extraction compare to high shear stirred extraction with heptane and 
dodecane? How do the nutrient and pond area requirements of microalgal oil production using 
the proposed repetitive extraction process compare to that of conventional extraction? 
After attempting dodecane column extraction we found extraction efficiencies to be low with 
the culture unaffected by the solvent contact. Heptane could provide higher extraction 
efficiencies while still leaving the culture in a healthy state. Of the four different conditions 
tested (heptane high shear, dodecane high shear, heptane column, and dodecane column) the 
one which provides the highest productivity with the culture remaining in a healthy state needs 
to be selected for a process model and mass balance in order to evaluate its potential for 
reducing 3rd generation biofuel nutrient and pond area requirements.    
 RESEARCH OBJECTIVE 
Repetitive extraction from B. braunii thus far has been targeted at proof of concept rather than 
process optimisation. Carrying out extraction at varying solvent contact, mixing intensities, 
recovery periods and with different solvents would provide valuable data for predictions on the 
potential of this process for scale-up and comparison with conventional microalgal biofuel 
processes.  
With that in mind, this thesis was aimed at answering the research questions put forward 
resulting in the design and optimisation of a repetitive extraction process with a high lipid yield 
while maintaining a healthy culture. This data was produced with the hopes of providing a basis 
for the techno-economic analysis of the repetitive extraction process. In Chapter 6, an 
estimation on the microalgal biomass production nutrient and pond area requirements were 
made and compared to that of conventional extraction with B. braunii and other species 
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prevalent in the literature. It should be noted, however, that while there is potential for 
significant reductions in these areas of the production process, the extraction process operating 
and capital costs for the proposed process have not been evaluated. A more accurate assessment 
of the potential of this process with pilot-scale extraction and outdoor growth data is required.  
 HYPOTHESIS 
The production of biofuel from microalgae via convention destructive 3rd generation biofuel 
processes is at this stage not economically feasible. This, in large part, is due to the high energy 
demands associated with harvesting and dewatering. To remove this step from the production 
process non-destructive in-situ extraction is proposed. This would not require any harvesting 
or dewatering step and leave the culture in a state which is can replace extracted lipids for 
future extractions. B. braunii is a species of microalgae which is uniquely suited to this process 
with a large portion of lipid stored extra-cellularly. Of the four races of B. braunii A and B 
typically have the higher lipid content. One of these will likely be the race selected for 
extraction. Solvent selection and extraction method will ultimately determine the extraction 
duration which B. braunii can withstand and the time required for the culture to recover. 
Alkanes such as heptane and hexane have been proven to be suitable solvents for extraction of 
lipids from B. braunii, it is likely one of these will be selected for the extraction solvent with 
the exposure period dependant on the toxicity of the selected solvent. There is limited literature 
available on the effect of shear on B. braunii making it difficult to hypothesis on how it will 
perform in high shear environments. Under high levels of hydrodynamic shear cells have been 
found to tear and rupture, this should be avoided with a repetitive extraction process. 
Furthermore, the breaking up of colonies due to high levels of shear may result in high levels 
of stress to the culture and in some cases has been found to result in culture collapse. This with 
the combination of solvent may limit the period with which extraction can be carried out. 
Extraction frequency will depend on the method and period of solvent contact. Low shear 
solvent contact is expected to result in less stress to the culture with quicker recoveries, while 
high shear solvent extraction is expected to cause high levels of stress and the reduction of 
culture viability. With the non-destructive nature of repetitive extraction, it is expected that 
nutrient and pond area requirements would be significantly reduced when compared to a 
conventional extraction process. Further, the retaining of B. braunii cells post-extraction should 
help maintain increased cell densities resulting in increased lipid productivities.  
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 ORGANISATION OF THE THESIS  
This thesis has been presented as a Thesis by Publication. The thesis itself has been broken into 
seven chapters, some with no publications, others comprised of one or more. At the beginning 
of each chapter is a foreword explaining the objective and composition of the chapter and, 
where necessary, how it relates to the previous one. There is a certain amount of repetition 
which is unavoidable with the nature of publications, particularly in the introduction sections 
of each chapter. For consistency throughout the thesis, formatting, heading numbering and 
style, and figure and table numbering have been slightly modified where appropriate. Figures 
and tables have been placed to give the desired flow and structure and may not be in the same 
position as they are found in their respective publications. Several minor errors which were not 
picked up in the publishing process have been amended. Certain symbols have also been 
slightly altered where appropriate to remove confusion and ensure consistency throughout the 
thesis.  
Every other aspect to the published work has been maintained as it was when published 
including but not limited to; section, figure, table and equation order, and the referencing style 
used in each publication. Any supplementary material has been attached as appendices along 
with the publications produced during this thesis as published in their respective journals. 
6 
 
Chapter 2: LITERATURE REVIEW/BACKGROUND 
FOREWORD 
The first step in developing an effective repetitive extraction process was an in-depth review 
of the literature. The main aim of this chapter was to determine; firstly, which race of B. braunii 
is best suited to repetitive extraction; secondly, which solvent is best suited so solvent 
extraction of said race; and thirdly, which method of solvent extraction is likely to be most 
effective for repetitive extraction.  
This chapter was published as a Literature Review titled: Repetitive non-destructive milking 
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Global warming, the diminishing availability of fossil fuels and increasing expectations of 
quality of life are driving the move towards renewable fuel sources. The production of biofuel 
from Botryococcus braunii is a high potential carbon-neutral resource which has recently 
gained increased interest. B. braunii stores hydrocarbons within a lipid-based extracellular 
matrix (ECM), allowing the continuous non-destructive extraction (milking) of these 
hydrocarbons without the compromisation of cellular integrity. This provides an alternate 
pathway to biofuels, with significantly reduced nutrient and energy requirements. The aim of 
this review is to utilise the current literature on B. braunii and available solvent extraction 
technologies to make informed recommendations on the required course of action for 
furthering this source of renewable energy. Solvent extraction with hexane, through a sieve 
plate column, was found to be the most suited method for repetitive non-destructive 
hydrocarbon extraction (milking). This method can provide high extraction efficiencies, a 
simple downstream separation process, relatively low cost, low shear stress and offers the 
added option of pulsing for further improvement on mass transfer. Considering, this concept is 
still relatively new to literature, areas such as; race selection, milking frequency/period, 
hydrocarbon recovery period, extraction system design and nutrient supplementation are still 
in the early stages of development, leaving much room for improvement. As progression is 
made in these fields and more data becomes available, a detailed feasibility study for non-
destructive solvent extraction from B. braunii can be carried out, demonstrating the potential 
of B. braunii as a sustainable source of biofuel.  
 INTRODUCTION 
2.1.1 Overview  
Global warming, increasing scarcity and reduced accessibility of fossil fuels, as well as a 
growing population with higher expectations of quality of life, are three major factors driving 
the move towards cleaner, more sustainable methods of energy production. Over the past 
decade, interest has been growing in the development of renewable, carbon-neutral energy 
sources to help reduce CO2 emissions. One method which is yet to be utilised to its full potential 
is the production of biofuel from microalgae. Microalgae have the ability to recycle CO2 while 
capturing solar energy with an efficiency of 10 - 50 times greater than terrestrial plants [1, 2], 
and unlike current biofuel feed sources (rapeseed, soybean, sunflower and palm crops [3]); 
require much less land, have faster growth rates, contain a higher oil content and can be grown 
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on non-arable land [3-6]. Furthermore;  microalgae can be utilised in the reduction of CO2 
emissions through carbon sequestration, significantly reducing CO2 emissions from the 
industrial sector [7]. Today most successful industrial applications of microalgae cultivation 
are for the production of high-value products such as; astaxanthin [8, 9], beta-carotene [10-12] 
and omega-3 fatty acids [13]. These products have market values of up to $3000 per kg [12, 
14], with little competition from other sources. Biodiesel from microalgae on the other hand, 
with current extraction technologies, typically costs around US$ 2.76 per kg. In comparison, 
the cost associated with producing fossil diesel is typically a much lower US$ 0.95 per kg [15]. 
In order to make biofuels from microalgae a competitive alternative; novel alternate processes 
must be investigated, operating at a larger scale, with heavily reduced inputs.  
2.1.2 Botryococcus braunii 
Botryococcus braunii is a freshwater green microalga found in brackish lakes, reservoirs, ponds 
and ephemeral lakes situated in a variety of locations around the world [16]. Botryococcus 
braunii can be sub-divided into four races (A, B, L and S), each defined by the composition 
and structure of their produced hydrocarbons [17]. Race A is known for producing alkadienes 
and alkatrienes, race B for triterpenes (more commonly known as botryococcenes), race L for 
lycopadiene [16, 18, 19], and race S epoxy-n-alkane and saturated n-alkane chains with lengths 
respectively of, 18 and 20 [20]. Of the four races, race B is currently the most promising as a 
source of hydrocarbons due to its relatively high hydrocarbon content in the form of 
botryococcenes, which can be used to produce high octane gasoline through pyrolysis [19].  
2.1.3 Physiology  
Botryococcus braunii cells grow in small colonies surrounded by a lipid-based extracellular 
matrix [21]. While it is not known for certain what the main purpose of these lipids are, some 
believe it provides the colonies with buoyancy [22], bringing the cells closer to the surface for 
increased exposure to sunlight, while also acting as a barrier to un-favourable changes in the 
surrounding environment (temperature, pH, salinity etc.). Others have suggested it acts to 
protect the cells from predation and/or pathogens which may prove detrimental to cell survival 
[21]. 
A typical colony will contain anywhere between 10 and 50 cells within an extracellular matrix 
(ECM), all of which is encased by a fibrillar retaining wall. It has been suggested that the 
hydrocarbons such as, botryococcenes from race B (one of the major contributors to the ECM), 
are synthesized in association with the cytoplasmic face of the endoplasmic reticulum, after 
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which they “melt” into the plasma membrane, cross the cell wall, and become deposited into 
the ECM [21].  
2.1.4 Lipid content 
All microalgae are capable of synthesizing lipids. What draws attention to B. braunii is its 
ability to store these lipids outside the cell, within an extracellular matrix [16, 21, 23]. This 
unique ability allows for lipid harvesting with little or no cell mortality. Maintaining a living 
culture throughout the harvesting process significantly reduces the nutrient demand of the 
culture, while in-situ extraction removes the high-energy costs associated with the dewatering 
process [6, 24].  
The ECM is comprised of solid and liquid lipids containing a large portion of hydrocarbons. 
The lipid content, as well as hydrocarbon nature and composition produced by each strain of 
B. braunii, is used to classify which race it belongs to. Race A typically exhibits a total lipid 
content of 20 – 45 wt%, with certain cases reaching as low as 0.4 wt% [16] and as high as 60 
wt% [17]. Race B, a more consistent 30 – 40 wt% total lipid content, with cases reaching as 
low as 10 wt% [25] and as high as 86 wt% [18]. Race L stores the lowest amount of lipid 
content ranging from 1 wt%  to 10 wt% [26]. Race S is the most recent to be discovered hence 
there is little data available. A lipid content of 26.6 wt% has been achieved with biofilm growth, 
however, this study produced relatively low lipid content in both B (11.1 wt%, compared to an 
expected, 30 – 40 wt%) and L (1.3 wt%, compared to an expected, 1 – 10 wt%) races, 
suggesting this is likely an understated value resulting from adverse growth conditions [27].  
The hydrocarbons stored in the ECM can be extracted and converted into diesel or jet fuels 
through conventional conversion technologies such as pyrolysis [26]. Before extraction can be 
achieved however, it helps if the hydrocarbons are available to the solvent. Moheimani et al. 
(2013) attempted to achieve this utilising a mechanical mechanism coined “blotting” [24]. This 
proved to be effective at releasing lipids from the ECM, however, cells lost photosynthetic 
efficiency post-treatment, indicating a loss in culture viability. Hou et al. (2014) focused on 
cell disruption of both races A and B of B. braunii separate to hydrocarbon extraction [28]. 
This study’s findings suggested that the dissolution of solvent across the colony retaining wall 
into the ECM, resulted in an increase in hydraulic pressure, forcing cells out of the colony. 
While glycerol proved to be the most effective at cell separation, the cells post-extraction could 
only be maintained at high culture densities. This is believed to be due to some chemical and/or 
hormonal reliance between cells and the ECM [28]. A significant downside to glycerol is the 
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poor hydrocarbon extraction. A second solvent would be required to compensate for this, which 
would result in an additional stage in the extraction process. Exposure to a number of different 
solvents has proved effective at extracting the desired hydrocarbons with no colony disruption 
step necessary [29, 30], which will be further discussed in Sections 3. 
The overarching aim of this review is to summarise the available literature on solvent extraction 
of hydrocarbons from the freshwater microalgae B. braunii and evaluate the optimal solvent, 
and extraction system for a repetitive non-destructive extraction process. The result of this 
summary will aim to eliminate extraction variables which show little promise, giving direction 
for the next stage of development.  
 MILKING BOTRYOCOCCUS BRAUNII 
Historically the production of high-value products from microalgae has followed a four-step 
process involving; biomass cultivation, harvesting/dewatering, extraction, and separation 
(Figure 2.1) With the production of high-value products such as astaxanthin and β-carotene, 
this may be feasible; however, biofuels are of much lower value and require larger volumes of 
product, at a scale of operation significantly greater in order to achieve economic viability. 
Furthermore, while B. braunii may have a relatively high lipid content, it is a very slow growing 
microalga with a doubling time ranging between 0.1 d-1 and 0.2 d-1 [31]. It is estimated that in 
order to produce 100,000 bbl microalgae lipids per year (approx. 0.5% of the daily demand in 
the USA, (2009)), a total land requirement of 5 - 14 km2 would be necessary [32]. This process 
would consume 14,477 t of nitrogen, 219 t of phosphorus and 3.9 GL of water per year (with 
an average productivity of 20 g m-2 d-1). The cost of raw materials along with capital 
investment, and ongoing labour and maintenance costs, make it difficult to generate an 
economically sustainable bio-oil production process with the current technology employed.   
This is where alternative methods such as milking become attractive. Similar to the way cows 
are cultured for their production of milk in the dairy industry, microalgae can be cultured and 
milked for the production of hydrocarbons. Due to B. braunii’s ability to store lipids 
extracellularly, it is ideally suited to such a process [16, 21, 23]. Lipids stored outside the cell 
are easily accessible, without the compromisation of the cell wall, after which the B. braunii 
cells can regenerate lipid stores for future milking events. While it is a simple enough concept, 





Figure 2.1 Process flow diagram of microalgae to bio-oil [33] 
2.2.1 Milking process 
There are three stages involved with the milking process (Figure 2.2) 
• Hydrocarbon/Lipid production 
• Solvent Extraction  
• Hydrocarbon separation 
There are a number of important variances between milking and conventional methods of 
biofuel production such as; the quality and yield of oil produced, the level of greenhouse gas 
emissions, and the energy, water and nutrient requirements [34]. Milking is unique in that it 
does not require harvesting or dewatering, and instead of cultivating fresh microalgae, the 
microalgae is recycled after extraction for future harvesting, which significantly reduces both 
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Figure 2.2 Basic Milking process flow diagram 
2.2.2 Hydrocarbon production 
With high value, intracellular products such as astaxanthin, microalgal cells become disposable 
factories which take in nutrients and convert them through a series of photosynthetically driven 
metabolic pathways into valuable products. With milking, the cells are doing the same; 
however, due to full cell recycle, instead of requiring nutrients such as nitrogen and phosphorus 
for cellular growth, all that is needed is carbon and water. Essentially the carbon in the carbon 
dioxide and the hydrogen in the water are combined utilising energy produced through 
photosynthesis, to form long-chain hydrocarbons (lipids stored in the ECM), giving off the bi-
product oxygen. 
In the conventional microalgae to biofuel conversion process, for every bbl of lipid produced 
approximately 108 kg of sodium nitrate and 1.64 kg of sodium phosphate will be required [32]. 
By maintaining the cells in a stationary phase of limited growth, very little nutrients are 
required for cell maintenance, giving the cells more energy for hydrocarbon production. 
Certain aspects of hydrocarbon synthesis can also be exploited which would otherwise hinder 
cell growth. It has been shown that B. braunii biomass productivity is strongly affected by 
nitrogen availability, with higher productivities in nitrogen rich environments. Lipid content, 
on the other hand, tends to be higher in nitrogen deficient environments [19, 35-40]. 
Botryococcus braunii cultures are believed to respond to nitrogen starvation by degrading 
nitrogen containing macromolecules, accumulating carbon reserve compounds such as 
polysaccharides and fats [19]. Furthermore, downregulation of photosynthetic activity has been 
observed as a result of nitrogen deprivation [41], indicating lipid accumulation is not likely to 
be due to the synthesis of lipids from extracellular carbon. This would suggest for a destructive 
process, nitrogen rich environments would be beneficial, on the other hand, a non-destructive 
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environment. A study completed by Zhang et al. (2011) showed that the presence of solvents 
(dodecane, tetradecane and hexadecane) can have a positive effect on both the growth and 
hydrocarbon production of Nanochloropsis sp [42]. This is seen again by Moheimani et al. 
(2013), with external hydrocarbon productions of 2.69 mg L-1 d-1 and 1.91 mg L-1 d-1 with and 
without solvent extraction respectively [6]. These preliminary studies indicate that milked 
microalgal cells can increase hydrocarbon production rates post milking to replace depleted 
lipid stores, which is likely to result in increased hydrocarbon production post milking.  
2.2.3 Solvent extraction 
With the typical microalgae production process, once the microalgal culture has reached 
maturity, cells can then be harvested. The large volumes of culture, small size of microalgae 
cells and low densities make harvesting and dewatering highly energy intensive processes, 
which can constitute as much as 20 – 30% of the overall operation costs [15, 32, 43, 44]. 
Furthermore, most microalgae will need to have their cell walls compromised in order to gain 
access to the desired products, which will involve a cell disruption step [33, 43]. This is where 
the milking process shows promise.  The fact that B. braunii produces lipids extracellularly 
removes the need to access intercellular components and means solvent extraction is possible 
with little or no dewatering. Being able to extract hydrocarbons from the outside of the cell 
means the cell can then be sent back to the hydrocarbon production stage without the excessive 
energy inputs associated with harvesting/dewatering. One major downside to this is that it is 
only possible to extract 20 – 50% of the total oils produced by the microalgae [6, 45, 46]. While 
it is possible to increase the extraction efficiency through increasing the microalgae exposure 
to the extracting solvent [47], or by reducing the water content through dewatering processes 
[48], this can have considerable negative effects on cell viability through increased solvent 
toxicity.  
Unfortunately, microalgae cells cannot be continuously milked without the eventual need for 
replacement. Coiner (2011) completed a series of long-term experiments with Chlorella 
kessleri and dodecane finding a culture half-life of 49 days. With the supplementation of 
nitrogen and phosphorus, a culture density increase of approximately 8% over a 28 day contact 
period was observed [49]. While this process was technically in-situ extraction rather than 
milking, the results show the significant effect that nutrient supplementation can have on 
culture viability. Botryococcus braunii has been seen to behave in a similar fashion. Moheimani 
et al. (2013) found a significant reduction in both hydrocarbon yield and photosynthetic activity 
after 55 and 70 days of repetitive milking, with and without CO2 supplementation respectively 
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[6]. A study produced by Choi et al. (2013), supplied B. braunii with a stream of fresh medium 
post-extraction, finding an increase in culture density after an initial decrease post solvent 
extraction. This was repeated three times with no apparent negative effect on the culture 
viability [50]. The results from these studies suggest, an increase in the culture viability and 
hydrocarbon productivity can be achieved with the supplementation of certain nutrients, which 
in certain circumstances may outweigh the costs of additional nutrients.  
2.2.4 Hydrocarbon separation 
Unlike the previous two steps, there is little difference in the downstream processing of a 
milking process. Once the solvent has become enriched with the hydrocarbon extract, the 
hydrocarbon must be separated and purified. This is usually achieved through distillation, but 
can also be achieved through other methods such as nano-filtration [51], which offers a low 
energy alternative. Once the solvent and the hydrocarbon extract have been separated, the 
solvent is sent back through the solvent extraction process. Fortunately, unlike conventional 
biofuels, lipids produced by B. braunii consist of very few nitrogen and oxygen contaminants, 
removing the need for deoxygenation and denitrogenation treatments [34]. Thus, these 
hydrocarbons are an ideal feedstock for further processing.  
2.2.5 Milking vs In-situ extraction 
While these two extraction techniques may seem similar, there is a subtle but significant 
difference. Milking (repetitive non-destructive extraction) is only achieved while maintaining 
full culture viability, this significantly reduces nutrient requirements as the culture needs only 
to maintain cell maintenance. In-situ extraction, on the other hand, is the simultaneous 
cultivation and extraction from microalgae. The culture biomass is maintained through 
continued cell division, constantly replacing dead cells. Kleingeris et al. (2010) present a 
perfect example of this process. Carotenoids can only be extracted through the compromisation 
of Dunaliella salinas’ cell wall, which is only possible through cell death [52]. In order to 
compensate for this, constant fresh medium is required to achieve a biomass productivity 
greater than the rate cell of death. The concentration of viable biomass in this instance could 
be maintained with the only drawback being the requirement of constant nutrient addition. 
Moheimani et al. (2013) managed to repeatedly extract hydrocarbons from B. braunii once 
every 11 days for 80 days with no nitrogen or phosphorus addition [6]. Zhang et al. (2013) 
achieved a 50% hydrocarbon extraction yield from B. braunii after 96 hours of exposure to 
tetradecane (1:10, Solvent:Culture) while maintaining up to 92% cell viability [45]. These 
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studies show that it is possible to milk B. braunii, with minimal loss of cellular activity. A 
downside to milking is the limitations imposed on the extraction process. Solvent selection and 
contact time are limited, which results in a dramatic reduction in extraction yields. Certain 
extraction methods are also not viable for a non-destructive process, which will be further 
discussed in Section 2.4. Table 2.1 outlines a few of the advantages/disadvantages of both 
milking and in-situ extraction. 






- Cultivation and harvesting can be 
combined into one process. 
- Reduced operating and capital costs 
- Higher hydrocarbon yields can be 
achieved. 
- Culture can be maintained in the late 
exponential phase of growth (higher lipid 
production). 
- Increased nutrient 
requirements associated with 
cell replacement. 
- Dead cell material 
components can act as 
surfactants leading to 
emulsification [52].  
Milking - Microalgae can be maintained in a 
nitrogen-limiting condition, which can 
induce high lipid accumulation.   
- Very little nutrient is required. 
- Energy harnessed through photosynthesis 
is not used on cell growth leaving it more 
available for lipid synthesis. 
- Certain parameters such as 
exposure period, 
concentration and solvent 
selection are further restricted 
by cell compromisation.  
In-situ milking is a combination of the two concepts. In this case, the solvent would be 
biocompatible with the microalgae to a point where it can be continuously extracting while the 
microalgae are continually synthesising hydrocarbons. This would result in a further simplified 
process involving just two steps; hydrocarbon production/harvesting and hydrocarbon 
separation. Whether or not this is feasible is yet to be determined. For this to work the solvent 
would have to be highly biocompatible with B. braunii. This could also add complications to 
the microalgae’s photosynthetic activity. Research completed on Dunaliella Salina [52] 
showed reduced growth rates in the presence of an organic layer (dodecane). While oxygen is 
soluble in dodecane, after six days, a mixture of solvent and dead cell materials (acting as a 
surfactant) resulted in emulsification, reducing dodecane surface contact and increasing the O2 
partial pressure from 0.3 to 1.2 bar. This can be overcome through CO2 sparging but can be 
costly if not done efficiently. It has also been noted that B. braunii produce more hydrocarbons 
during the late exponential/early stationary phase of growth [46]. In-situ extraction would be 
able to maintain the culture in an exponential phase of growth as cells are simultaneously dying 
and multiplying, which could result in a higher rate of lipid production.  
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 SOLVENT SELECTION 
One of the first things to consider in designing a solvent extraction process is, which solvent to 
use. There are several factors which must be considered in a solvent selection process, a few 
which this section will be focusing on for the extraction of hydrocarbons from B. braunii are 
listed below: 
- Biocompatibility 
- Extraction effectiveness 
- Availability/Cost 
- Safety/Flashpoint 
- Ease of downstream separation for solvent recycle (boiling point/molecular weight) 
This section will consider possible solvents for this step and narrow down the field to a select 
few for further investigation.  
An effective approach adopted by Frenz et al. (1989) takes a database originally compiled for 
the extraction of ethanol from the fungi Saccharomyces cerevisiae and screens out an initial 
selection of 18 using the following five factors as guidelines; 1. Immiscibility in water, 2. 
Biocompatibility, 3. Density, 4. Boiling point, and 5. Availability and ease of handling [29]. 
From the 18 solvents tested only nine showed biocompatibility with B. braunii instantly cutting 
the list in half. While ethanol is quite different to the compounds produced by B. braunii, this 
gives an idea of what type of compounds are likely to be effective extraction solvents for this 











Table 2.2 Common solvents used for the extraction of hydrocarbons from B. braunii and their relative 
effectiveness.  
Solvent 









410.7 g mol-1 
Not assessed Not assessed [29] 
Dihexyl ether 
228 °C 
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69.7 45.5 [29] 
Heptane 
98 °C 






























130.2 g mol-1 
0 65.5 [29] 
Tetradecane 
254 °C 







Solvent contact methods used in each reference are not the same, these values are indicators and should not be 
considered as absolute values.  
Biocompatibility: % cell viability post-extraction (methods used for measuring cell viability differ significantly 
between references) 
Extraction effectiveness: % hydrocarbon recovered (methods used for measuring extraction effectiveness differ 
significantly between references) 
* C30 Botryococcene is not a commonly used solvent but is present in this table for comparison purposes only. 
2.3.1 Biocompatibility 
Non-destructive in-situ extraction requires a solvent which is biocompatible with B. braunii. 
Biocompatibility is essentially the effect that the exposure to a solvent has on an organism’s 
ability to maintain cellular function. Basically, the less harmful a solvent is to the exposed 
organism, the higher the biocompatibility. With most microalgal harvesting processes this is 
not an issue as the microalgae are disposed of. In order for B. braunii cells to be continually 
“milked” however, the cells must remain in good condition for future hydrocarbon 
replacement. This quickly eliminates a large number of solvents narrowing down the field 
significantly. 
There are several ways of testing the biocompatibility of a substance. An et al. (2003) compared 
the specific growth rate of algal cells post-exposure to octane and dihexyl ether showing a 
greater hindrance in the latter (0.029 h-1 and 0.019 h-1, respectively) [53]. While this is a good 
measure of the effect the solvent is having on the culture as a whole, it does not give a good 
measure of the number of cells which have been killed in the process, or the number of living 
cells which are not functioning at their full potential. The photosynthetic activity of a culture 
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before and after exposure is often a better indication of cell viability. One method for this is to 
measure the potential quantum yield of electron flow through photosystem II using PAM 
fluorometry [54]. A third method which is relatively new to the scene is methylene blue uptake, 
a major drawback of this being the loss of culture sample. A minimum of 10 mg of dry biomass 
is required which, when dealing with small scale experiments, can have a significant effect on 
culture concentration and transportation phenomena [55]. Viability measurements aside, it is 
difficult to compare biocompatibilities between different studies as exposure period and 
intensity, as well as many other factors play an important role in the effective solvent toxicity 
to an organism. Assumptions can be made using literature as a rough guide. After exposure to 
octane, for example, B. braunii has been shown to maintain 81 - 90% [29, 53] of its original 
photosynthetic activity. Tetradecane is another solvent which has proven to have high 
compatibility, maintaining 82% [30] and 92% [45] photosynthetic activity. From Table 2.2 it 
can be seen that n-Octanol is the least biocompatible of the solvents examined. This, however, 
does not completely rule it out as a possible solvent for this process. It simply means extra care 
must be taken in the method and duration of solvent exposure when designing an extraction 
process using this solvent. 
2.3.2 Boiling point/Molecular weight 
Boiling point is an important factor to consider if distillation is to be used for solvent recovery 
post-extraction. Botryococcene and most other compounds produced by B. braunii have a 
relatively high boiling point (> 300 °C [29]). Choosing a solvent with a significantly lower 
boiling point makes it a great deal easier to separate the solvent from the product, requiring 
less energy. Due to the low hydrocarbon content of B. braunii (15 – 30 wt% [6, 56, 57]), even 
with a 50% extraction efficiency, the botryococcene concentration in the extraction solvent 
(assuming a solvent to culture ratio of 1:5) after a single pass would be 0.07 – 0.13 wt%. This 
at an industrial scale can have a significant effect on operating costs and separation efficiency. 
Of the solvent candidates listed in Table 2.2, it can be seen that the lower chain alkanes (hexane, 
heptane and octane) and possibly n-octanol are at the lower end of the scale with boiling points 
below 200 °C. Dodecane and dihexyl ether are in the middle range, and tetradecane and dodecyl 
acetate have significantly higher boiling points (> 254 °C) making them the least favoured 
solvents when considered in terms of downstream distillation. 
Molecular weight is also of interest for similar reasons. Membrane filtration is currently under 
investigation for the purification of biodiesel [58]. It is possible to separate compounds based 
on their molecular weight using nanofiltration. This technique is able to provide high purity 
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finished products, is simple, has low energy requirements, requires a relatively low capital cost 
of production, and provides a high specific area of mass transfer when compared to alternative 
separation technologies [59, 60]. Thermal damage to heat-sensitive compounds can also be 
minimised due to the low operating temperatures [51]. Hexane, heptane and octane all have 
significantly smaller molecular weights than botryococcene, which would make nanofiltration 
a strong possibility.  
2.3.3 Extraction effectiveness 
A solvent with a high affinity for the target compound (botryococcene), which can reach the 
location at which this compound is stored is important for effective extraction. If the compound 
is not compatible with the product, then more solvent will be required at much higher 
concentrations. This will result in increased solvent exposure to the organism, which could 
potentially lead to higher cell mortality rates. In addition to this, more solvent will be lost to 
the atmosphere increasing the solvent containment and extraction capital and operating 
requirements. 
Having the desired lipids stored outside the cell significantly increases accessibility, however, 
there is still a sheath of polysaccharides acting as a wall surrounding B. braunii colonies. This 
fibrillar layer is believed to act as a hydrophilic layer resisting the entry of non-polar solvents 
such as hexane and heptane [61]. Additionally, water is considered to hinder the solvent-colony 
surface interaction of these solvents. Studies like that of Liu et al. (2013) have attempted to 
overcome this by reducing the water content, gaining an increase in efficiency from 80% to 
96% with a water content of 75% [48]. Results like these indicate the limiting factor for product 
recovery pre-dewatering to be the solubility of the solvent in water rather than the solvent’s 
extraction efficiency [29]. While these methods proved to be successful, it must be noted that 
cell colonies were disrupted in the process resulting in the release of single cells, which can 
result in cell death [28]. 
n-Octanol, hexane and octane are all highly effective when it comes to extraction efficiency. 
Dodecane and heptane have received mixed reviews, and the remaining solvents are generally 
less effective (Table 2.2). Compounds such as n-octanol and hexane are known to have higher 
miscibility in water giving them better access to the ECM, resulting in increased extraction 
efficiencies. The drawback of this seems to be reduced biocompatibility. At the other end of 
the spectrum, strongly non-polar compounds such as tetradecane have low extraction 
efficiencies and high biocompatibilities. The water barrier [3, 29] becomes an issue when using 
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solvents which are non-polar. This could be overcome through increased mixing, increased 
solvent-culture contact through reduced solvent bubble diameter [45], or reduced water content 
[29, 48].  
2.3.4 Availability/Safety 
The availability and inherent safety of the solvent are also important factors to consider. For 
large scale production, a solvent which is cheap to manufacture and readily available will 
reduce operating costs. If the solvent is highly toxic to people or extremely flammable this will 
require more stringent controls around the process, resulting in higher capital costs and more 
regular maintenance. For the purposes of this application, the availability of a solvent is best 
considered in terms of cost. The more available a substance is, the lower the cost will be. Table 
2.3 contains prices obtained from various suppliers listed by Chem-Supply [62]. 
Table 2.3 Solvent cost and flashpoints. 
Solvent Hexane Heptane Octane Dodecane 
Cost ($/500 mL) 34 43 186.2 123.5 
Flashpoint (°C) 
 
-23 -4 13 83 
Solvent Dihexyl ether n-Octanol Tetradecane Dodecyl acetate 
Cost ($/500 mL) 518.7 53 115.9 163.4 
Flash point (°C) 78 80 100 113 
Note: Prices obtained from local provider Chem-Supply – prices for bulk orders will be significantly less 
From Table 2.3 it is apparent that hexane, heptane and n-octanol are significantly cheaper than 
the other candidates. However, using a solvent which has a higher boiling point like 
tetradecane, n-octanol or dodecyl acetate could significantly reduce the loss of solvent to the 
atmosphere, removing the need for fume extraction, resulting in reduced maintenance and 
operating costs.  
There are four main concepts of inherently safer design; intensification/minimisation (to reduce 
the amount of hazardous material involved), attenuation/moderation (to change the process 
conditions such that it renders the substance/process less hazardous), substitution (to use a less 
hazardous material compared to a more hazardous one) and simplification (to reduce 
unnecessary complexity and opportunities for human error) [63]. At this stage of design, it is 
difficult to achieve minimisation, moderation and simplification as the method of solvent 
extraction has yet to be decided. As for substitution, selecting a solvent which has less 
hazardous chemical properties can be done with relative ease. For the purposes of this review 
and keeping things simple at this stage of concept, flashpoint has been chosen to compare 
solvents for their inherent safety. Smaller alkanes such as hexane, for example, have a much 
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lower flash point than the larger compounds (dodecyl acetate, Tetradecane) making them less 
stable, requiring a great deal more care with regards to any possible exposure to flames. This 
will also affect the capital cost, with more hazardous solvents requiring more expensive safety 
precautions. 
2.3.5 Other possible solvents 
An alternative solvent type which has been studied recently is switchable polar solvents (SPS) 
[64, 65]. These solvents can be switched between a hydrophobic and hydrophilic state through 
exposure to carbon dioxide and nitrogen. In this process, for example, carbon dioxide would 
be bubbled through the solvent post solvent extraction, converting it to a hydrophilic state, 
separating the extracted oils from the SPS. These can then be decanted off leaving the solvent 
which can be exposed to nitrogen with a little heat (typically 50 - 90 °C), converting it back to 
a hydrophobic state for reuse [66]. These solvents have been found to be as effective, and in 
some cases more effective than solvents such as hexane [67], showing possible potential in this 
area. One obvious advantage to this is the ease with which the solvent can be separated from 
the extracted oils for reuse, eliminating the need for a separation process such as distillation. 
Other advantages to avoiding distillation include the removal of gaseous volatile compounds 
which have significant fire and health risks. A major downfall of SPS compounds is the 
associated toxicity to the culture [64, 65]. So far there is little information on the cell viability 
post-extraction. In addition to this, they contain high water solubility which makes disposal 
difficult and would cause complications with water recycle [65]. These solvents show potential 
but require a great deal more study before they can be considered as a strong candidate for non-
destructive extraction.  
Another interesting option which has yet to be investigated is the use of the product 
(botryococcene), as the extraction solvent. It is very difficult to obtain enough of these 
hydrocarbons at lab scale to carry out experiments to test this hypothesis, which may be the 
main reason for the absence in literature. If this process was scaled up to an industrial level, 
enough product could be produced to maintain such a process. This would provide a solvent 
which could be assumed to be highly biocompatible, have high availability as it is produced 
on-site, and can be assumed to have a moderate to high extraction efficiency (as long as it is 
able to overcome the water barrier [48]). Additionally, these lipids have very low volatility 
with boiling points greater than 300 °C. This would significantly reduce the separation 
requirements as a small portion of the product can easily be recycled.  
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2.3.6 Selection process 
Each solvent attribute can be ranked from one to eight using the values outlined in Table 2.2 
and Table 2.3. Table 2.4 utilises these rankings to generate a point scale which can be used to 
select the top candidates for further study. The total number, ranging from a minimum of 5 to 
a maximum of 40, shows how suitable a solvent is for this application. 






Cost Safety Total 
Dihexyl ether 4 3 4 1 4 16 
Dodecane 6 4 2 4 6 22 
Dodecyl acetate 5 1 3 3 8 20 
Heptane 3 7 5 7 2 24 
Hexane 2 8 7 8 1 26 
Octane 8 6 6 2 3 25 
n-Octanol 1 5 8 6 5 25 
Tetradecane 7 2 1 5 7 22 
From this table, it can be seen that hexane is the favoured solvent. This solvent has a very low 
boiling point (68 °C) making the solvent separation post-extraction simple and effective. 
Heptane has also been proven to have a high extraction efficiency (48 – 70%), and of the eight 
solvents assessed is the cheapest. Octane and n-octanol are also strong contenders with 
different strengths and weaknesses. Heptane and hexane seem to be heavily skewed due to poor 
results [24], which cannot be confirmed without further study but could have a significant 
outcome on the solvent selection process if neglected.   
 EXTRACTION SYSTEMS 
Once the solvent has been selected and the physical properties and phase equilibria have been 
established, an extraction system must be designed [68]. As there is limited information on this 
type of data for B. braunii and the hydrocarbons it produces, this section will not go into detail 
of the extractor specifics, only extractor type. Typically for cases such as this, where the 
concentrations are low, solute has low volatility, and the raffinate contains a heat-sensitive 
component, liquid-liquid two-phase extraction (LLE) must be used. At the lab scale, extraction 
experiments are first carried out in batch with a single mixing vessel, which is then used to 
settle the two phases out. This can provide useful information on solvent selection and culture 
properties with a small amount of solvent and culture; however, once these initial tests have 
been completed, a continuous system must be tested. In solvent extraction, there are three main 
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types of continuous systems; mixer-settler, spray column and centrifugal contactors. This 
section will consider each extraction system, in an attempt to define the most suitable for the 
continuous non-destructive extraction of long chain hydrocarbons from B. braunii.  
2.4.1 Mixer-settler 
The first and simplest system used is a mixer-settler. In continuous single-stage operation, 
mixer-settler type separation vessels are typically comprised of a mixing section followed by a 
settling section. In the mixing section both the feed and solvent are introduced through the base 
where mixing is achieved by a rotating impeller. In addition to the mixing, impellers often 
serve a dual purpose providing the primary pumping force driving the system, which can make 
it difficult to optimise one variable without hindering another [69]. From the mixing section, 
the solvent/feed mixture passes through into a settling section where it is separated into two 
phases. The top phase (extractant) is collected from a decant stream while the bottom phase 
(raffinate) is collected below the phase interface (Figure 2.3 Left). 
 
Figure 2.3 Left - Basic single-stage, mixer-settler setup, Right - Multistage, counter-current mixer-settler setup 
[70].  
For multistage systems, the bottom phase from stage one is typically fed into the second stage 
mixer, while the top phase is fed back from the final stage settler to the previous stage mixer 
in a counter-current fashion [70, 71]. This setup maintains a constant concentration driving 
force across all stages resulting in increased extraction efficiencies (Figure 2.3 Right). The 
main advantages of mixer-settler systems are; strong operational loads, easy operation and 
maintenance, and simple start-up [72]. An important factor to consider when dealing with 
living organisms is the hydrodynamic stress introduced by the presence of mechanical agitation 
[73]; which, in a non-destructive extraction process, will result in increased cell mortality 





2.4.2 Column extractor 
In a column extraction system, the extracting solvent is introduced into the base of the column, 
passing through the feed culture which is introduced at the top. There are three basic types of 
columns; spray, packed and sieve plate.  
 
Figure 2.4 Left - Inverted spray column solvent extractor [47], Right - Sieve plate column extractor [68] 
Spray columns  
These are the most commonly used columns at bench scale, in part due to their quick and easy 
setup, making it relatively straight forward to carry out a wide range of experiments, but also 
due to the advantage of being able to achieve mixing without any mechanical agitation. This is 
important when dealing with applications that require low-stress environments. One of the 
major driving forces when it comes to solvent extraction is solvent/feed contact. Increasing the 
surface for contact will increase the area for the product to dissolute into the solvent phase. A 
study carried out by Zhang et al. (2013) for example proved this theory by decreasing the 
effective solvent droplet size from 10 mm to 2 mm using a fibre microporous membrane, this 
resulted in an increase in efficiency from 38% to 50% [45]. Griehl et al. (2014) patented a 
column for the simultaneous culturing and extracting of lipids from B. braunii [47]. In this 
setup the culture is passed through a column of hexane at varying rates and frequencies, after 
extraction, the culture would be returned to the culture vessel to recover before the next 
extraction. Passing the culture through the solvent has a similar advantage to decreasing droplet 
size in that it also increases contact area between the microalgae and the solvent. However, due 



























































three B. braunii  strains tested by Griehl et al. (2014), two were unable to maintain cell viability 
with 12 seconds of effective extraction time per day. The third strain could cope with an 
effective extraction time of 15 seconds twice a day for six weeks.  
Sieve plate  
Sieve plate columns are spray columns with perforated plates placed at regular intervals up the 
column. The solvent phase droplets coalesce at each plate where the droplets are reformed 
reducing axial mixing within the column (Figure 2.4). The solvent is dispersed through the 
plates while the aqueous phase passes unhindered through the downcomers. Pulsed columns 
do not have downcomers like sieve plate columns, instead. a reciprocating flow is achieved 
through a hydraulic pulse. This forces the light phase up through the sieve plate on the up pulse 
and the heavy phase down on the down pulse. Pulsed columns have been shown to achieve the 
same degree of extraction as spray columns requiring one third the height [75].    
2.4.3 Centrifugal extractors 
Centrifugal extractors have the advantage of being able to mix and separate in the same unit 
saving on space and capital costs. In a centrifugal contactor solvent and culture are intensively 
mixed between the spinning rotor and stationary housing. This results in increased surfaces for 
better mass transfer, minimising the required product loading of the solvent achieving very 
high levels of extraction efficiency. For this application, the hydrodynamic stress applied to 
the culture would almost certainly result in an unsustainable rate of mortality, ruling this out 
as a viable option [76]. 
2.4.4 Mixer-settler vs Column 
Both mixer-settler and column extractors have their advantages and disadvantages. Table 2.5 
summarises the pros and cons of each. 
Hydrodynamic shear  
The mechanism of mass transfer within a vessel is an important aspect of any bioreactor design. 
High mass transfer dynamics will help reduce temperature and pH gradients within the culture 
[77], significantly increase nutrient availability (including CO2 and air) to algal cells, and 
improve the cultures photosynthetic efficiency (one of the major controlling factors in biomass 
productivity and culture density) [78]. There are, however, drawbacks to high mixing. Micro-
organisms, bioflocs and other suspended solids are susceptible to damage which is dependent 
on the prevailing shear rate and associated shear stress [79-81]. Cells, in particular, can be 
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highly shear sensitive with limits varying between 19 x 103 to 100 Nm-2 [82], dependant on; 
cell line, method of growth, physical environment, culture history and mechanism of damage 
presented. The loss of culture viability and production as a result of these forces would, for a 
non-destructive solvent extraction process, lead to loss of culture and hydrocarbon production 
and an increase in the demand for growth related nutrients in the culture recovery stage.  




Mixer-settler - High capacity. 
- Reliable scale-up. 
- Easy operation and maintenance. 
- Simple start-up. 
- Handles liquids with high viscosities. 
- High stage efficiency. 
- Stages are independent. 
- Not affected by suspended solids. 
- Impeller serves two functions 
restricting its ability to optimise both. 
- Emulsions can form from severe 
mixing. 
- Pumping of one or both phases 
between tanks may be required. 
- Independent agitation equipment and 
large floor space needs are expensive. 
- High holdup of hazardous solvents 
which can be expensive to contain. 
- Require regular shutdowns for 
removal of unwanted residual build-
up. 
 
Column - Low capital cost. 
- Low operating and maintenance cost. 
- Simple construction. 
- Solvents are easily contained. 
- Mixing and pumping are separate. 
- Less shear stress on fluids. 
- Droplets usually larger – faster 
coalescence and reduced entrainment. 
- Requires less area than mixer-
settlers. 
- Larger droplets will hinder extraction 
kinetics. 
- Cannot handle massive throughputs. 
Generally, for living cultures in mixer settlers, low agitation speeds are required to achieve 
effective mixing, which reduces the shear generated from impellers [78]. However, in order to 
obtain high solvent-cell contact throughout the solvent extraction process with B. braunii, 
relatively high mixing rates may be required. There are several ways the turbulence produced 
from this can be reduced, through impeller and reactor design and method of solvent addition. 
Furthermore; if a solvent with high miscibility [29] in water is used for the extraction process 
higher mass transfer rates can be achieved with lower impeller speeds.   
Due to the relatively low mixing requirements for an agitated or aerated bioreactor, trapping 
and bursting of bubbles tend to be the largest contributor to cell death [83]. This, however, does 
not apply to the solvent extraction process, as there will be no gas addition to the bioreactor. 
Damage from hydrodynamic shear generated from the sparging of gas on the other hand, which 
has also been shown to play a significant role in cell death [84] may suggest solvent sparging 
28 
 
could generate a similar effect. Fortunately, by increasing the spargers effective area, a reduced 
superficial gas/solvent velocity can be achieved, significantly reducing this effect. One thing 
which may be noteworthy is that some of these effects (such as wall shear and interface) can 
have a tendency to manifest in small scale systems, but may not play such a large role in 
industrial scale applications [78]. Of these two setups, mixer-settlers are expected to produce 
higher levels of hydrodynamic stress. This stress will limit the impeller operation, hindering 
mass transfer for effective extraction. For the purpose of in-situ extraction, this is not ideal. 
Limiting the stress applied to B. braunii wherever possible is important for effective cell 
recycle.   
Cost 
Mixer-settlers require additional equipment for agitation which can be expensive to maintain 
[68]. In addition to this, there is a much larger footprint required where mixer-settlers are 
concerned. However, the materials required to construct a column can be as expensive if not 
more. Height is often an issue requiring a much taller enclosure for indoor applications. 
Another important factor to consider is the containment of the solvent used for extraction. 
Mixer-settlers are much harder to seal with larger surface areas to cover. Operational costs are 
much the same for the two systems. Columns hold a slight advantage in that they do not require 
as much maintenance with less moving parts and less residual build-up in the circuit [69]. 
Another advantage mixer-settlers have over columns is the easy addition/removal or bypass of 
stages. This can be beneficial when maintenance is required on a specific stage, which, in a 
column, will require the entire column to be shutdown.  
Mass transfer/settling 
Mechanical agitation is easier to control but as mentioned earlier can have detrimental effects 
to cell viability. A considerable disadvantage with mixer-settler systems is that not only is the 
impeller used for agitation, but it is also used as a pumping force. As a result mass transfer and 
residence time optimisation have more confining limitations [69]. Mass transfer in a column, 
however, is controlled by a number of variables including but not limited to; the number, 
spacing and material of the plates, plate perforation diameter, column height and diameter, and 
in the case of pulsed columns the pulse amplitude and frequency [85]. This makes it much 
easier to maximise the mass transfer through droplet size and flow dynamics without reducing 
throughput or losing cell viability.  
Settling in a settler is affected by settler depth [69], giving columns an advantage due to column 
height, on the other hand, bubbles in a column tend to be uniform and are typically larger than 
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that of a mixer settler resulting in reduced solvent to culture contact [69]. While fine bubbles 
can result in improved mass transfer kinetics, they also tend to slow down bubble coalescence 
which is known to result in the formation of emulsions, resulting in other issues such as 
flooding and or entrainment [75, 85]. Columns also have the option of adding a pulsing 
mechanism giving extra control on the bubble size and formation through varying the 
amplitude and frequency of pulses, which are independent of flow rate but can result in 
increased hydrodynamic shear forces.  
Safety 
Solvent volatility is an important factor to consider, especially with solvents such as hexane 
and heptane. Leaking solvents can result in explosions, have detrimental effects on operator 
health and will require additional training and safety precautions. Columns are already sealed 
and require few alterations or additional costs, unlike mixer settlers, which will require lids and 
extensive ducting which can be expensive and require ongoing maintenance. Columns are 
clearly advantageous in terms of cell viability, which is crucial to sustaining a repetitive 
milking process. There is no clear winner in terms of cost, however, if cell viability was not an 
issue, mixer-settlers may be beneficial for mass transfer kinetics. With safety also leaning 
towards sieve plate columns, this is likely to be the system of choice.     
 GAP ANALYSIS 
Largeau et al. (1980) were the first to recognize B. braunii as a potential source of hydrocarbons 
[23], later contributing to a paper on solvent biocompatibility for hydrocarbon extraction [29]. 
It was not until the late 90’s that the subject was picked up again for further investigation 
gaining traction towards the end of the 00’s, which can be in part attributed to the acceptance 
of global warming and realization that fossil fuels may one day run out. Due to the relative 
adolescence of the subject, there are still many gaps within the literature which have yet to be 
explored.  
2.5.1 Race selection 
Of the four known races of B. braunii (A, B, L and S), race B is the most commonly studied in 
the literature, due mainly to its relatively high hydrocarbon content in the form of 
botryococcenes [18, 25]. The hydrocarbon content, however, is not the only important factor 
to consider when designing an extraction process. It is not known how different races 
performances compare under repeated harvesting events, cell solvent resistance and 
hydrocarbon production rates are also important factors which are likely to vary between 
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strains. While the relatively high hydrocarbon content of race B makes it attractive, the 
hydrocarbon recovery rate post-extraction and the amount of these hydrocarbons which are 
recoverable, are more important when considering long term milking. Another important factor 
which may hinder milking is the reduced hydrocarbon production rates observed in the late 
stationary phase of growth with certain strains [17]. If this is the case for the strains of race B, 
hydrocarbon production is likely to be greater in an in-situ process where the cells are 
maintained in an exponential growth phase. Although the lipid production has been shown to 
be increased with the removal of hydrocarbons [6], and nutrient requirements are significantly 
less, the increase in production achieved with in-situ extraction may outweigh the associated 
costs (nutrients required for culture replacement, bio-waste removal, additional growth ponds, 
etc.). Hence when considering the hydrocarbon production rates of the different races of B. 
braunii, in this instance, it is important to consider which stage of growth the microalgae is to 
be maintained for optimal hydrocarbon production.   
2.5.2 Milking frequency/period 
Right from day one biofuels from microalgae has proven troublesome, largely due to the high 
availability of fossil fuels, maintaining a low fuel market value. As the technology has 
progressed two problems which have become difficult to overcome is the high nutrient input 
to grow the microalgae and the energy demand associated with harvesting and dewatering the 
microalgae [32]. Literature is progressively turning towards alternate unique solutions such as 
milking B. braunii as a method of removing these stages from the equation completely. Milking 
requires little or no dewatering and significantly less nutrients [6, 45]. Up until recently, focus 
on B. braunii has been on confirming whether milking can be achieved without compromising 
cell integrity [6, 24, 46, 47, 53, 86]. Now that this has been proven, the variables associated 
with this process must be tested.  
The frequency of the milking will be dependent on the microalgae’s health post-extraction and 
rate of hydrocarbon recovery. Botryococcus braunii has been shown to be able to replace lipid 
stores in five days with the aeration of 1% CO2, where it takes 11 days without. As a result, the 
lipid production rate can be increased fourfold from 2.69 mg L-1 d-1 to 11.63 mg L-1 d-1 [6]. The 
key here is to collect enough data to work out the frequency at which the lowest cost per litre 
of lipids is achieved.  In addition to this, the highest period of solvent contact time achievable 
without compromising cell integrity will increase extraction efficiency and therefore overall 
production rates. Choi et al. (2013) found 3, 6 and 9 hours of contact with octane resulted in 
35%, 48% and 51% of the total hydrocarbon in the solvent phase and 3%, 10% and 19%, 
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respectively in the cell suspension [50]. As expected, a longer period of contact will break up 
colonies, releasing lipids into the suspension and resulting in cell death [28]. Unfortunately, in 
this work, the extraction events are followed by a large nutrient supplementation which masks 
the effect of the loss of culture viability over repeated extraction events.  
The exposure period is another important design parameter to consider. Choi et al. (2013) and 
Frenz et al. (1989) for example achieved extraction efficiencies of 51% with octane and 91% 
with hexane [29, 50], respectively, which on first glance makes octane look like a far more 
effective solvent for extraction. At a closer inspection, the culture viability post-extraction with 
octane was still as high as 91% where with hexane it was 81%. It is likely that increased contact 
time with octane would have resulted in increased extraction efficiency and similar post-
extraction culture viability. Hence the extraction frequency and period cannot be considered as 
being independent of one another.   
2.5.3 Nutrient supplementation 
While nutrient addition can result in increased cell viability post milking [6, 49, 50], little is 
known about the amount of nutrient required before a noticeable result is achieved, or which 
nutrient has the greatest effect. The addition of CO2 can significantly increase the lifespan of 
the microalgae, but it will not extend the culture’s lifespan indefinitely [6]. There is still a limit 
to the number of extraction events a culture can undergo without resulting in a significant loss 
in cell viability and ultimately hydrocarbon productivity. If the cells are not maintained they 
will need to be replaced, which will require fresh medium and nutrients. Regardless, additional 
costs associated with nutrient supplementation will still be significantly less than that required 
for continual culture replacement. Once optimal biomass has been reached, limiting the 
availability of nitrogen to the culture has been seen to result in an increase in hydrocarbon 
content for solvent extraction [19, 35-40].  
Nitrogen is not the only essential nutrient for cellular function and photosynthetic activity. Iron, 
for example, has been seen to have a strong effect on biomass productivity in B. braunii [35]. 
Post extraction the culture will be in a state of stress and relatively deficient of hydrocarbons, 
which seem to be part of an important defensive mechanism for B. braunii [87]. Targeting the 
nutrients required for the synthesis of these compounds will help reduce the addition of 
nutrients which are less integral to cellular recovery, hence reducing the operational costs. As 
far as we know, there has been no work done on the effect of medium composition on 
hydrocarbon recovery rates post-extraction. This would be an important aspect of milking, 
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which would significantly reduce recovery time between milking events, and could extend 
culture viability, reducing the frequency of culture replacement.  
2.5.4 Biocompatibility vs extraction efficiency  
In terms of solvent selection, the solvent’s extraction efficiency and its biocompatibility are the 
two most important factors to consider. Unfortunately, these two factors rarely work in favour 
of one another. Solvents with lower miscibility in the aqueous phase are unable to gain effective 
contact with the microalgae matrix. On the downside, this will result in lower hydrocarbon 
extraction yields, while on the upside, solvent toxicity is significantly reduced [29]. 
Furthermore, low miscible solvents are likely to require longer contact times and increased 
mass transfer dynamics. Increased contact time and mass transfer requirements will require 
larger reaction vessels but are likely to result in a slower and more stable process which is 
easily controlled. The ideal solvent will be highly soluble in the aqueous phase while having 
minimal toxicity. A method for testing a solvent’s biocompatibility and/or its extraction 
efficiency, independent of its miscibility in water is required to obtain valuable data necessary 
to make an informed decision on which solvent to use. The design proposed by Griehl et al. 
(2014) provides an environment with solvent in excess, so the miscibility of the solvent in the 
aqueous phase is effectivity negated [47]. While this is an extremely aggressive extraction 
technique with contact times as low as 36 seconds per day (resulting in a decline in cell 
biomass), it could be effectively applied to several solvents giving a more accurate 
representation of the biocompatibility and extraction factors. An alternate approach is to reduce 
the water content of the culture to a point where there is little or no aqueous phase present 
achieving a similar effect [29, 48].   
2.5.5 Extraction system design 
Designing and optimising the extraction process is the logical progression once milking has 
been proven and a solvent selected. A number of different setups have been tested including 
two-phase bubble columns [86], mixed tank reactors [50, 88], flat panel bioreactors [52], and 
inverted bubble columns [47]. All of these setups seem to be more for proof of the milking 
process than the design of the extraction system. The focus is typically on culture viability at a 
limited set of operating conditions, with little discussion on the extractor design parameters. 
While this is good for initial tests, to truly test the viability of such a process, the scope must 
be broadened. Multistage extraction, for example, could significantly improve the extraction 
efficiency of a single-stage process, this may be difficult to achieve at bench scale, but if 
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applied to the right system can have dramatic results [71]. Cell mortality is another important 
factor to consider in extraction system design. The shear tolerance of an algal species can 
heavily restrict the amount of agitation/mass transfer that can be used [89]. Reduced mixing 
may rule out certain solvents with low miscibility in water, and will rule out certain extraction 
systems with high hydrodynamic stress associations, such as stirred tank reactors [73]. 
Botryococcus braunii is yet to be tested for its shear tolerance. Different races are likely to have 
different tolerances which may pose a significant advantage/disadvantage to one race over 
another.  
 CONCLUSIONS AND RECOMMENDATIONS 
There are both advantages and disadvantages associated with milking and in-situ extraction. 
Removing the need for nutrient supplementation could be the much-needed solution to 
achieving economic feasibility. While milking has been proven possible with B. braunii race 
B, an important factor which may make this difficult with races A, L and S is the stage in which 
hydrocarbon production is predominantly carried out. If this occurs during the exponential 
phase of growth, in-situ extraction may be required for effective lipid production. In cases 
where sufficient lipid production occurs in the stationary phase of growth, milking is likely to 
be the optimal method of extraction. While CO2 addition has been shown to significantly 
increase hydrocarbon production, there is still a limit to the length of time cell viability can be 
maintained without additional nutrients.  
1. From the literature, it is apparent B. braunii race B is the optimal race for hydrocarbon 
production due to its high lipid content and ability to produce easily converted 
hydrocarbons (botryococcene) in relatively high quantities. Little has been studied 
around the rate of hydrocarbon production post-extraction. It would be beneficial to 
carry out hydrocarbon recovery rate tests with all four races (A, B, L and S), also 
comparing their response to increased shear rates during the extraction process. The 
high hydrocarbon content of race B may be outweighed by higher hydrocarbon 
production rates post-extraction, or tolerance to high shear environments during the 
solvent extraction process.  
2. The performance of eight different solvents was compared for five different factors 
(biocompatibility, boiling point, extraction effectiveness, cost and safety). Hexane 
shows the most promising results, with an ideal boiling point of 69 °C for lipid/solvent 
separation, a cheap cost price ($34/500 mL – not bulk price) and has a relatively high 
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extraction efficiency (approx. 59%). The downside is its biocompatibility (approx. 40% 
- which may be skewed by [24]), and the safety (due to a low flash point of -23 °C). 
Both octane and n-octanol followed close behind with their own 
advantages/disadvantages. While it is difficult to compare the results from literature 
due to such a wide range of solvent exposure techniques, it is recommended that solvent 
selection be carried out with either hexane, octane or octanol, depending on the method 
of solvent contact utilised and level of culture biocompatibility required of the milking 
process.  
3. From the limited data on the effects of shear stress on microalgae, of the three solvent 
extraction systems reviewed in this study (mixer settler, column extractor and 
centrifuge), it would appear column extractors would be the best suited system for 
repetitive non-destructive hydrocarbon extraction. While the throughput may be 
restricted and solvent droplet size larger than desired, the gentle nature of the mixing 
and the ease of containment (preventing contamination and reducing solvent release to 
atmosphere), as well as the cost, make this an attractive system. Furthermore, if the 
mass transfer dynamics are not sufficient, there remains the option of introducing a 
pulsing mechanism, resulting in reduced bubble diameter and increased solvent to 
culture contact. It should, however, be noted that due to the limited data on the effects 
of hydrodynamic shear on microalgae, more specifically B. braunii, it may turn out that 
the increase in shear produced by mixer-settlers turns out to be inconsequential, in 
which case this may be the optimal method of extraction. Hence, it is recommended 
that further study on the effects of hydrodynamic shear on B. braunii be carried out in 
order to make a more informed decision on the type of solvent extractor to use.  
4. The milking frequency and period, the extraction efficiency of subsequent extraction 
events and period required for B. braunii to recover extracted lipids are all factors which 
will strongly influence the outcome of a feasibility study of this process. More data on 
these variables must be obtained before an accurate assessment of the economics of this 
process can be made.  
5. The effects of nutrient supplementation post-extraction is another important factor to 
consider before a feasibility study can be completed. This will affect the frequency with 
which the culture needs replacing, as well as the rate of hydrocarbon replacement post-
extraction. Both of these will have a large effect on the operational costs and 
hydrocarbon yield of the production process.  
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 FINAL REMARKS 
While there is a fair amount of literature available on B. braunii, studies on the milking process 
and vessel selection/design are very limited. In order to generate an accurate assessment of the 
feasibility of this process, and whether or not it should progress to the next stage of design 
more data on long term milking, hydrocarbon production post-extraction, the effects of nutrient 
supplementation on hydrocarbon recovery rates, and hydrodynamic shear sensitivity are 
required. Until then this technology remains theoretical and cannot be confirmed as a 
sustainable method of biofuel production.  
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Chapter 3: SENSITIVITY OF BOTRYOCOCCUS BRAUNII TO 
HYDRODYNAMIC SHEAR WITH HEPTANE 
FOREWORD 
The race and solvent for extraction could be determined from literature, however, due to lack 
of available data on the response of B. braunii to hydrodynamic shear, it was necessary to 
design and carry out shear tolerance tests. This chapter contains the first set of solvent 
extraction experiments following on from the findings of Chapter 2. The main objective of this 
chapter was to determine the sensitivity of B. braunii to solvent extraction at various shear rates 
and culture/solvent ratios and observe the total lipid and maximum quantum yield post-
extraction. While the findings in Chapter two suggested hexane to be the optimal solvent for 
extraction, heptane was used for its availability, increased biocompatibility, and similar boiling 
point/extraction efficiency.  
Initially, this was intended to be published as a single research manuscript, however, due to 
overlapping data and findings from the second conference paper (included in Chapter 4), 
potential copyright infringements made this difficult to achieve. The chapter displayed here 
contains a more detailed report of the conference proceedings published in the Edited book, 
Computer-Aided Chemical Engineering, as conference proceedings to the 13th International 
Symposium on Process Systems Engineering (2018), San Diego, California, USA. This 
publication was titled: Shear Tolerance and Lipid Content of Botryococcus braunii During and 
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Botryococcus braunii is a green, freshwater microalga, with a high total lipid content, of which 
a large portion is a hydrocarbon known as botryococcene. In-situ solvent extraction is an 
extraction method well suited to extracting botryococcene from B. braunii. Exposure to 
hydrodynamic shear at large-scale is difficult to avoid. Understanding how B. braunii responds 
to high shear stress environments when exposed to solvents is crucial for the design and scale-
up of an effective solvent extraction system. Maintaining cellular integrity and maximum 
quantum yield (FV/FM) is important in achieving a sustainable, repetitive extraction process. In 
the presence of heptane, a maximum reduction in FV/FM of 55% was observed at a shear rate 
of 331 s-1. FV/FM recovery required up to three days with total lipid content reaching 64% six 
days post-extraction. Total lipid production during the recovery phase was 82 mg g-1 d-1, of 
which 38% was found to be botryococcene. Colony disruption was found at a shear rate of 331 
s-1, believed to be a result of the formation of micro-eddies combined with the weakening of 
colony structural integrity caused by contact with heptane. From this work it is clear solvent 
extraction will benefit from a colony disrupting pre-treatment, giving better access to liquid 
hydrocarbons retained in the colony matrix. Further work on additional extraction events is 
required to monitor the effects of solvent and shear on B. braunii in a repeated extraction 
process.  
 INTRODUCTION 
High-value products such as; pigments, carotenoids, and polyunsaturated fatty acids (such as 
DHA & EPA) [21, 22] can be extracted from microalgae via destructive methods involving; 
cultivation, harvesting, dewatering, and downstream separation/refining. Biofuels are of much 
lower value, requiring significantly higher culture volumetric throughput, resulting in high 
energy, nutrient, and water requirements [23]. The freshwater microalga, Botryococcus 
braunii, has a unique method for storing lipids. Botryococcus braunii cells grow in colonies 
embedded in a matrix of cross-linked hydrocarbons permeated with liquid hydrocarbons 
(extracellular matrix, ECM), held together by a hydrophilic fibrillar retaining sheath [1, 2]. 
ECM composition is highly race dependent, making certain races with elevated levels of long-
chain hydrocarbons attractive for biofuel production. Due to the high total lipid content and 
botryococcene (C34H58) component of the total lipids, B race is the most promising for large-
scale hydrocarbon production [3-14]. Through downstream conversion technologies, 
botryococcene can be converted into compounds such as alkylbenzenes (mainly xylenes and 
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trimethyl-benzenes), generating sufficient octane rating fuel for direct use in automobiles [5], 
or alternatively, used in moisturizers and facial creams, making this a product with promising 
commercial prospects.  
While the total lipid content of Botryococcus braunii is high, this species growth is relatively 
low, with a specific growth rate typically ranging from 0.1 to 0.3 d-1 [24], making a destructive 
process problematic. Milking products from microalgae is a repetitive process where the 
desired product is extracted non-destructively, in-situ, after which the culture can replace the 
extracted product and the process can be repeated [3, 10, 16, 25-30]. Botryococcus braunii is 
perfectly suited to this process as it stores lipids extracellularly, making them accessible, with 
little or no damage to the algal cells [30]. This eliminates the harvesting/dewatering step 
(through in-situ extraction) and reduces nutrient requirements as the culture is recycled, 
generating a much simpler, cheaper process. For an industrial biofuel producing plant, the rate 
of production of lipids is important. Botryococcus braunii grown in batch cultures for 
destructive total lipid extraction has been found to achieve a range of total lipid production 
rates ranging from as low as 7.3 mg L-1 d-1 (22 mg g-1 d-1) [31] to as high as 265 mg L-1 d-1 (122 
mg g-1 d-1) [32]. This production rate is highly dependent on; the culture growth rate which 
varies widely between strains, growth conditions [29], and growth phase with increased lipid 
production observed in the mid to late exponential phase of growth [6, 19, 32]. For an ideal 
milking process, the culture will remain in a stationary phase of growth, with reduced nutrient 
requirements and high culture densities resulting in increased lipid content available for 
extraction. However, lipid production rates of B. braunii are lower in the stationary phase than 
that of the late exponential phase of growth sitting around 24 mg L-1 d-1 (37 mg g-1 d-1) [16]. 
While nutrient supplementation may be required, a partially destructive process which results 
in the loss of a small portion of the culture to maintain a late exponential phase of growth may 
achieve higher lipid productivities.  
Two main methods have been adapted for non-destructive extraction of oil from B. braunii 
including; pressure application via blotting [10] and membrane filtration [33] and; in-situ [26] 
and ex-situ solvent extraction [30], each of which have their own advantages and 
disadvantages. One re-occurring theme among these extraction methods is the required 
application of a stress, whether it be via mechanical or chemical means, this is a requirement 
for access to the hydrocarbons stored within the ECM [2]. In-situ solvent extraction has been 
achieved via the passing of solvent through a column of culture suspended [26, 34] or fixed 
[30], the passing of culture through a column of solvent [29], and periodic mixing of solvent 
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and culture together in a confined vessel [16]. There has however been little to no research 
done on the application of a known level of mechanical stress combined with the effects of 
chemical stresses. Whether it is included in the extraction process or not, in large scale culture 
it is likely there will be mechanical stress somewhere in the extraction process (pumping, 
mixing, etc.), which; if post-extraction, B. braunii is going to be more susceptible to, if pre-
extraction, will affect the response of B. braunii to solvent contact [35].  
High mass transfer dynamics help reduce temperature and pH gradients within the culture [36], 
increase nutrient and light availability (including CO2 and air) to algal cells, and improve 
culture photosynthetic yield (one of the major controlling factors in biomass productivity and 
culture density) [37, 38]. There are however drawbacks to high mixing. Micro-organisms tend 
to be susceptible to damage caused by high shear rates [39, 40]. Single-cell organisms, in 
particular, can be highly shear sensitive with a wide range of limits [41], dependant on; cell 
line, the method of growth, physical environment, culture history and mechanism of damage 
presented. The growth rate of C. Vulgaris, for example, was found to be optimal with an applied 
shear stress of 0.45 with a threshold of 0.9 Pa [42]. A more sensitive dinoflagellate, 
Protoceratium reticulatum, in contrast, showed optimal growth at a maximum shear stress of 
1.6 x 10-4 Pa [38]. The loss of culture viability and production, as a result of these forces, would, 
for a non-destructive solvent extraction process, lead to loss of culture and botryococcene 
production and an increase in the demand for growth-related nutrients in the culture recovery 
stage. There are five general flow patterns within a stirred tank reactor (STR) which can be 
managed to a degree through impeller and vessel design [37]; regions of high turbulence 
generated from high impeller speeds, the generation of eddies from the dissipation of turbulent 
flow into the bulk liquid, areas between the impeller and other fixed tubing, areas between 
baffles and vessel walls (regions of close clearance), and trapping and bursting of bubbles on 
the surface. Generally, for cell cultures, low agitation speeds are required to achieve effective 
mixing, which reduces the shear generated from impellers [37]. However, to obtain high 
solvent-cell contact throughout the solvent extraction process, higher mixing rates may be 
required. The generation of turbulence around the impeller generates micro-eddies. As 
turbulence increases eddy size will decrease, eventually becoming smaller than the cells to be 
agitated. If the eddies are small enough this will rupture cells [37, 43, 44] and is likely to, in 
the case of B. braunii, result in colony disruption and in severe cases cell death [45]. Areas of 
close clearance are typically generated from baffles and other objects within the bioreactor 
which can result in diverging and converging flow regimes causing high shear rates. This is 
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something which is avoidable but must be considered in reactor design. Due to the relatively 
low mixing requirements for an agitated or aerated bioreactor, trapping and bursting of bubbles 
on the culture surface tends to be the largest contributor to cell death [43]. This, however, does 
not apply to the solvent extraction process, as there will be no gas addition to the bioreactor. 
To reduce the level of mixing required solvents with high miscibility in water can also be used 
for the extraction process, these solvents will have higher mass transfer rates requiring lower 
mixing rates resulting in reduced shear rates, which could, for a shear sensitive culture, result 
in reduced losses in culture viability [46]. 
There are several solvents in the literature which have been tested for their applicability to in-
situ extraction with B. braunii. Shorter chain hydrocarbons like hexane and heptane, tend to 
have higher extraction efficiencies, while longer chain hydrocarbons like dodecane show 
higher biocompatibility [3, 10, 46]. Heptane has been used in a number of studies showing a 
high extraction efficiency due to relatively low emissivity [46], reasonable biocompatibility 
when compared to similar short chain hydrocarbons such as hexane [10], presumably reduced 
material cost (when compared to solvents such as octane and dodecane, Table 2.3) and ease of 
downstream separation [3]. Solvent contact in the extraction process is likely to compromise 
the fibril retaining sheath holding colonies together making colonies more susceptible to 
hydrodynamic shear, understanding the shear limits of B. braunii during solvent extraction is 
crucial for optimizing extraction efficiency without compromising culture viability for future 
extractions. This study was conducted to investigate the response of B. braunii to applied shear 
stress in the presence of heptane and examine culture recovery post-extraction.  
 MATERIALS AND METHODS 
3.2.1 Culture selection and maintenance 
The strain of alga used in this study was a green, freshwater alga, B. braunii (BOT-22, B race), 
acquired from Network of Asia Oceania Algal Culture Collection (AOACC), Tsukuba, Japan. 
The culture was maintained in a modified AF-6 medium with an initial pH of 6.4 (adjusted 
with KOH), buffered with 2-(N-morpholino) ethanesulfonic acid (MES, 2.05x10-3 M) buffer. 
Nutrient concentrations: NaNO3 140 mg L
-1, NH4NO3 22 mg L
-1, MgSO4.7H2O 30 mg L
-1, 
K2HPO4 10 mg L
-1, CaCl2.2H2O 10 mg L
-1, Fe-citrate 2 mg L-1, Citric acid 2 mg L-1. Trace 
metal concentrations: Na2EDTA.2H2O 5 mg L
-1, FeCl2.6H2O 0.98 mg L
-1, MnCl2.4H2O 0.18 
mg L-1, ZnSO4.7H2O 0.11 mg L
-1, CoCl2.6H2O 0.02 mg L
-1, Na2MoO4.2H2O 0.0125 mg L
-1. 
Vitamin concentrations: thiamine (B1) 0.01 mg L
-1, biotin (H) 0.002 mg L-1, cyanocobalamin 
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(B12) 0.001 mg L
-1, pyridoxine (B6) 0.001 mg L
-1. Cultures were maintained in 5 L erlenmyer 
flasks at 25°C, with light supplied to one side of the culture by OSRAM 18 W daylight 
fluorescent lamps at 77 ± 0.4 μmol photons m−2 s−1 on a 12:12 light:dark cycle. 1% v/v CO2 
was supplied to the cultures at a flow rate of 0.5 L min-1 during light exposure periods, for 
maximum botryococcene production. Extraction was carried out on Botryococcus braunii 
cultures at an initial density of 1.37 ± 0.05 g L-1.  
3.2.2 Experiment design 
An un-baffled 600 mL glass beaker, 60 mm in diameter with a culture/solvent height of 90 mm 
was used as the extraction vessel. An overhead stirrer with variable speed and a digital display 
(model IKA RW20) supplied mechanical agitation to the vessel. Mixing rates were confirmed 
with a DT-2234C+ Digital Laser Tachometer. A six bladed Rushton turbine with a diameter of 
36 mm, blade length 10 mm and a blade width of 9 mm was used for all extractions. Clearance 
between the agitator and the vessel floor was 18 mm. All aspects of the vessel were maintained 
throughout the duration of this study.  
Impeller speeds which achieved solvent dispersion with minimal shear stress were determined 
using Equation (4). Initially a mixing rate of 380 rpm was used at a culture/solvent ratio of 
400/100 mL (R = 4). Solvent dispersion was present but insufficient, so we increased this to 
400 rpm after which 500 rpm was tested as a high mixing rate for comparison. At a 
culture/solvent ratio of 350/150 mL (R = 2.33) an Nmin for solvent dispersion of 339 rpm was 
found. As 380 rpm was insufficient for R = 4, we did not test 340 rpm and instead tested 380 
rpm and 500 rpm as a high mixing rate for comparison. After testing 500 and 400 rpm with no 
heptane and seeing little to no effect on the culture condition we saw no point in testing any 
lower mixing intensities.  
Each condition was run for a total solvent contact period of two hours in triplet. Based on the 
results from the first set of shear tests, extraction time was extended to four hours, at an R value 
of 2.3 (350 mL culture/150 mL solvent) at 500 and 600 rpm, focusing on the total lipid and 
botryococcene recovery post-extraction. Culture removed for sampling was replaced with fresh 
culture. Heptane was topped up every half hour to maintain a constant R value. CO2 addition 
pre and post-extraction was maintained at 1 L min-1 (1% CO2). Cultures were maintained at 
25°C, with supplied by OSRAM 18 W daylight fluorescent lamps to one side of the flask at 77 
± 0.4 μmol photons m−2 s−1 on a 12:12 light:dark cycle.  
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3.2.3 Analytical techniques 
Culture biomass: Culture biomass was determined through ash-free dry weight (AFDW) 
analysis. 3 mL samples were filtered through Whatman GF/C filters, dried at 60 °C and allowed 
to cool in a desiccator, before being weighed for the gross dry weight. The samples were then 
combusted at 450 °C, left to cool in a desiccator and re-weighed for the gross ash dry weight. 
The AFDW was calculated as gross DW less gross ash dry weight. Filters were washed and 
soaked in deionized water and pre-ashed at 450 °C prior to use. All biomass samples were 
taken in replicates of 3.  
Total lipid content: The lipid total lipid content of the culture was measured using a modified 
version of that proposed by Bligh and Dyer [47]. Samples were stored in a freezer prior to 
being exposed to liquid nitrogen for lipid extraction. 5.7 mL of a 2:1:0.8 mixture of 
Methanol:Chloroform:Deionized Water was added to the samples which were centrifuged, 
after which the decant was collected (repeated twice per sample). 3 mL of chloroform was 
added and vortexed followed by 3 mL of deionized water and another vortex. The 
organic/aqueous mixture was then left overnight to separate before removing the top phase 
(methanol/water) and collecting the bottom phase (chloroform/lipid). The remaining 
chloroform phase was then heated on a plate (38 °C) under nitrogen in pre-weighed vials. The 
vials containing the dried lipid were left in a desiccator overnight and weighed the following 
morning.  
Culture stress: The maximum quantum yield (FV/FM) indicates the efficacy of a photosynthetic 
organism to use light for photosynthesis [48]. Variation in this value can be used to show 
damage to the photosynthetic apparatus as a result of stress [49]. In this work, FV/FM was used 
to monitor the cultures ability to carry out photosynthesis post-extraction as this is integral in 
culture recovery and the production of biomass and lipids lost during the extraction phase. 
Fluorescence measurements were made using an Aqua Pen-C AP-C 100 (Photon systems 
instruments, Czech Republic). FV/FM was measured every 20 minutes during the extraction 
process and daily post extraction, with the culture removed during extraction replaced with 
fresh culture to maintain constant culture volume. FV/FM samples were diluted, 6 mL of sample 
to 9 mL of fresh medium, and dark adapted for 30 minutes before testing.  
Botryococcene quantification: Lipid content collected from each sample was dissolved in 
heptane and run through a gas chromatography-mass spectrometer (GC/MS). The nature and 
quantity of the botryococcene produced were measured against a standard provided by 
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Professor Makoto M. Watanabe at the University of Tsukuba, Tokyo. The GC/MS unit used 
was a BPX 5 gas chromatograph-mass spectrometer, equipped with a quadrupole detector. The 
GC column had a length of 30 m with a film thickness of 0.25 μm. The oven temperature was 
programmed from 130 °C to 270 °C with a ramp-up rate of 20 °C per minute and to 300 °C at 
a rate of 2 °C per minute with a holding time of 8 minutes. The carrier gas used was helium at 
a flow rate of 0.96 mL per minute using splitless injection.      
 THEORY/CALCULATIONS 
3.3.1 Relative FV/FM 









   (1) 
Where (FV/FM) Initial is the cultures quantum yield as measured immediately prior to solvent 
contact.  
3.3.2 Total lipid/botryococcene extraction efficiency  
The efficiency of solvent (heptane) to extract lipid and botryococcene content from B. braunii 
was determined by analysis of lipid and botryococcene content (via methods described above) 
in the culture biomass before, during and after extraction.  
𝐸𝑥𝑡𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝑒𝑓𝑓𝑙 =  
𝑙𝑖𝑝𝑖𝑑𝑖−𝑙𝑖𝑝𝑖𝑑𝑛
𝑙𝑖𝑝𝑖𝑑𝑖
   (2) 

















  (5) 
𝐸𝑥𝑡𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝑒𝑓𝑓𝑏 =  1 −
%𝑏𝑜𝑡𝑛(1−%𝑏𝑜𝑡𝑖)
%𝑏𝑜𝑡𝑖(1−%𝑏𝑜𝑡𝑛)
  (6) 
Where; Total lipidi and boti are the lipid and botryococcene content in biomass prior to heptane 
contact (g L-1) and lipidn and botn are the lipid and botryococcene content in biomass at the 
point of sampling (g L-1).  
3.3.3 Mixing rate determination 
Water and heptane, at the ratios intended for extraction, were tested for the required level of 
mixing to achieve solvent dispersion. At each water/heptane ratio (R) the mixing intensity 
(rpm) was increased to the point where heptane dispersion began. This intensity is the minimum 
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required to achieve heptane dispersion (Nmin) for the conditions used in this study. Correlating 
the minimum mixing intensity for dispersion with the culture/heptane ratio produced Equation 
(7). 
𝑁𝑚𝑖𝑛 = 21.5𝑅 + 289    1.33 < R < 9                                            (7) 
This is only applicable to the setup used in this experiment and is highly sensitive to any 
variations in vessel and impeller type and dimensions. Note that this is only applicable to the 
range of R values tested (9 – 1.33).  
3.3.4 STR shear rate correlation 
There are many variables which will influence the flow regime of a stirred tank extraction 
vessel such as; impeller geometry (width, length, type, number of blades), vessel geometry 
(diameter, height, baffle width, number of baffles), and impeller location (distance off base of 
vessel, angle of impeller to vessel wall). Any one of these variables can influence the nature of 
the turbulence produced within a vessel and the effect, through the applied torque on the 
impeller, on the power requirement of the system. Power curves have been produced for several 
different reactor configurations including a flat blade disk turbine in a vessel without baffles 
[50]. Due to higher levels of vortexing generated in un-baffled reactors, as the Reynolds 
number of a system exceeds 300, due to the formation of a vortex, the power number begins to 
differ from that of baffled systems, resulting in the requirement of an additional term, phi (ϕ). 
For un-baffled reactors Equations (8) and (9) must be used to determine NP from a plot of ϕ vs 
NRe [51]. 
   𝜙 = 𝑁𝑃 NRe < 300 (8) 




 10000 > NRe > 300 (9) 
Where; NRe is the Reynolds number, NP is the power number, NFr is the Froude number defined 
as N2D/g, and a and b are constant values dependant on the reactor configuration (turbine type, 
number of baffles, number of impeller blades, etc.) [51]. The power requirement of the system 
can then be determined using Equations (10) and (11): 
𝑃 = 𝑁𝑃𝜌𝑐𝑁
3𝐷5 = 𝜙𝜌𝑐𝑁




[(𝑎−𝑙𝑜𝑔𝑁𝑅𝑒)/𝑏] 300 < NRe < 10000                       (11) 
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Where; P is the power draw from the system (kg m2 s-3), NP is the power number, ρ is the 
density of the fluid being mixed (kg m-3), N is the speed of the impeller (rev s-1), and D is the 
impeller diameter (m) [51]. The variation in density due to the presence of heptane was 
assumed to have minimal effect on the calculated shear rates in these calculations and density 
was assumed to be that of water (1000 kg m-3) Using the power draw from the system, 
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300 < NRe < 10000  (13) 
Where; µ is the viscosity of the fluid being mixed (kg m-1 s-1) and V is the liquid volume (m3) 
[51]. Putting in the constant values for this extraction vessel (ρ, D, V, µ) and assuming a 
constant (c) multiplied by N to the power of d (as 𝜙, NFr and NRe are functions of the mixing 
rate), can be applied for mixing rates up to 600 rpm to get Equation (14). 
   𝛾 = 11.657𝑐𝑁𝑑𝑁1.5 = 11.657𝑐𝑁1.5+𝑑    N < 600                                            (14) 
Alternatively, the power requirement for a number of turbine configurations can be found 
following equations described by Furukawa, et al. [52] which produces slightly lower shear 
rates than Coker [51]. Figure 3.1 is a plot of the calculated shear rate values for mixing rates 
between 0 and 600 rpm using the two methods described and the average of these methods 
(combined). c and d values from the combined method were used for this study (c = 0.00636, 




Figure 3.1 Shear/mixing rate correlations for the stirred tank reactor setup used in this set of experiments. 
 RESULTS 
The data presented in Table 3.1 summarises the extraction efficiencies and reduction in 
maximum quantum yield after two hours of heptane contact. A mixing rate of 500 rpm, with 
an R value of 2.3 (150 mL heptane) showed the highest extraction efficiency with a reduction 
in culture FV/FM of 54.9%.  
Table 3.1 Lipid and botryococcene extraction efficiency, and reduction in culture maximum quantum yield post-









Reduction in FV/FM* 
380 rpm  
(228 s-1) 
400/100 = 4 1.3% 3.7% 9.7% 
350/150 = 2.3 3.0% 5.4% 26.4% 
400 rpm 
(245 s-1) 
500/0 - - 2.3% 
400/100 = 4 4.5% 7.6% 52.3% 
500 rpm 
(331 s-1) 
500/0 - - 1.2% 
400/100 = 4 5.1% 8.4% 54.4% 
350/150 = 2.3 10.4% 18.7% 54.9% 
*1 – (FV/FM) Rel 
Due to density assumptions in the shear rate calculations reported values may be up to 4% overstated. 
3.4.1 Effect of mixing rate (N) on maximum quantum yield (FV/FM). 
As expected, with an increase in mixing rate we noticed a drop in the culture FV/FM, levelling 
off in the worst-case scenario at a relative FV/FM value of 0.45 (Figure 3.2). There seemed to 
be no effect on the culture FV/FM in the absence of heptane at both 400 and 500 rpm indicating 
the impact on the culture as a result of the shear rate generated in the absence of heptane to be 
























Mixing rate (N, rpm)
Cocker A. K. (2001) c = 0.00700, d = - 0.157
Furukawa et al. (2012) c = 0.00573, d = - 0.137
Combined c = 0.00636, d = - 0.148
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ratio of 4, the culture showed low levels of stress (9.7% reduction in FV/FM). At 400 rpm the 
relative FV/FM plateaued 0.48 corresponding to a final FV/FM value of 0.3. Increasing this 
further to 500 rpm did not seem to affect the final FV/FM value however a much quicker 
response is noticed with a much lower value after just 40 minutes of contact. A similar trend is 
seen at an R value of 2.33, at 380 rpm, there is little reduction in FV/FM. At 500 rpm a quicker 
drop is seen with a similar final value (45% relative FV/FM) to an R value of 4 (Figure 3.2). As 
the mixing rate increased, a clear increase in the reduction of FV/FM is seen with heptane, where 
little difference is seen without. During extraction with 380 rpm, a noticeable layer of heptane 
was sitting on the surface of the culture, which indicates poor heptane/culture contact and could 
be responsible for the reduced reduction in FV/FM at 380 rpm when compared to 400 and 500 
rpm.   
 
Figure 3.2 Stress response of B. braunii (BOT22) during solvent extraction with heptane. Error bars – Standard 
error of three replicates.  
3.4.2 Effect of culture/heptane ratio (R) on maximum quantum yield (FV/FM). 
Heptane appeared to have less effect on the cultures condition when compared to the mixing 
rate. As mentioned earlier (Section 4.1), in the absence of heptane there was no noticeable 
effect on the cultures FV/FM. Introducing heptane at 380 rpm had a clear effect with a reduction 
in FV/FM of 10 and 26% at R values of 4 and 2.33 respectively. The same can be said for higher 
mixing rates (400 rpm) with a 2% reduction in the absence of heptane and 52% with an R value 
of 4 (Figure 3.2). At 500 rpm, heptane dispersion was immediate, resulting in a similar trend 
in maximum quantum yield at R values of 4 and 2.33. According to Equation (4), as long as R 
is less than 9.1 with a mixing rate of 500 rpm, there will be heptane dispersion in the culture. 
The values tested (4 and 2.3) are much lower than this, resulting in much higher contact. This 
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viability. The effect of N on culture FV/FM is likely to be secondary, resulting from increased 
heptane contact. In all runs, the final FV/FM levelled off at a minimum value of 0.31 ± 0.01 
(relative FV/FM of 46% ± 0.8%). Under the right conditions, B. braunii has been proven to have 
the ability to recover from this level of stress [16], indicating increasing the contact time may 
result in increased lipid extraction without stressing the culture beyond recovery.  
3.4.3 Total Lipid extraction efficiency. 
The extraction efficiency was found to be relatively low compared to that of previous studies 
which have been seen to range from 33% [10] to 64% [46]. When N was increased, as expected, 
the increase in heptane dispersion resulted in an increase in extraction efficiency (Table 3.1). 
While this had a positive effect on the lipid extraction, it was also seen to have a negative effect 
on the culture’s FV/FM. Extraction efficiency was also seen to increase as R was reduced.  At 
380 rpm an increase in lipid extraction of greater than twofold was seen with a ratio of 2.3 
compared to 4. This, however; came with increased solvent toxicity, resulting in a reduction in 
FV/FM. At a mixing rate of 500 rpm,
 there was little further reduction in FV/FM with a reduction 
in R from 4 to 2.3, while the lipid extraction efficiency increased from 5.1% to 10.4%.  
3.4.4 Colony structure observations 
Colony structural integrity was compromised at 500 rpm with an R value of 2.33. Figure 3.3 
shows the colony structure before and directly after solvent extraction and 24 hours later. 
Colony size post-extraction was significantly reduced with a noticeable increase in 
single/double cells floating freely. Culture colour post-extraction was yellow/green which can 
be seen as orange in the colony photographed in Figure 3.3E. Carotenoid production is typical 
of B. braunii under stress conditions [53], likely to be caused by solvent toxicity, shear stress 
or a combination of the two. Colony structural integrity appeared to be compromised during 
heptane extraction, which made the colonies susceptible to disruption by mechanical agitation. 
The globules which can be seen surrounding the colonies post-extraction indicate leaking of 
liquid hydrocarbons (botryococcene) from the ECM through the damaged retaining sheath. 
After just 24 hours of CO2 exposure, the colonies came back to their original size/colour (Figure 
3.3C and 3F), confirming the ability for the colonies to recover without the addition of other 
nutrients such as nitrogen and phosphorus. Some preliminary nitrate tests were also completed 
on the culture which showed no increase in nitrate content indicating minimal nutrient release 




Figure 3.3 Culture condition after solvent extraction (2hr) at a mixing intensity of 500 rpm and culture/solvent 
ratio of 2.4: pre-extraction (A, D), directly after extraction (B, E) and 24 hours after extraction (C, F). Scale; top 
= 100 µm, bottom = 20 µm. 
3.4.5 Extended extraction tolerance and total lipid/botryococcene recovery post-
extraction. 
Extraction efficiencies were not high enough at mixing rates less than 500 rpm and R values 
higher than 4. For this reason, mixing rates of 500 and 600 rpm at an R value of 2.3 was used 
for the remaining extractions. As the FV/FM plateaued around two hours, an extended extraction 
time of four hours was used. Extending the extraction period from two to four hours had little 
effect on the culture FV/FM at both mixing rates of 500 and 600 rpm (Figure 3.4A). This shows 
B. braunii can under these conditions withstand heptane contact for prolonged periods of time, 
providing further insight into the mechanism of damage occurring. These observations could 
suggest, while colonies are breaking up (Figure 3.4A), chloroplasts are still intact and active. 
During the recovery phase, FV/FM recovered to 0.6 where it remained for the duration of the 
recovery phase (6 days). Lipid extraction efficiencies of 14.8 and 16.3% were achieved at 500 
and 600 rpm respectively. Post-extraction the colonies lipid production increased to 
compensate for the loss of matrix content and the formation of new colonies (Figure 3.4D). 
This resulted in an increase in total lipid content from 55% and 53% to 60% and 64% (500 rpm 
and 600 rpm respectively). Botryococcene content of the total lipid in biomass dropped from 
55% to 50% during the extraction phase. This did not begin to recover until day four of the 
recovery phase, after which it increased from 47% to 51% (Figure 3.4F).  
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Figure 3.4 Stress response (A, B) and extraction efficiency of lipid (C, D) and hydrocarbons (E, F) from B. 
braunii with heptane. During (left) solvent contact and post (right) contact: Diamond – 500 rpm, Square – 600 
rpm, Circle – 600/500 rpm combined. Error bars – Standard error of three replicates. Botryococcene content of 
total lipid was combined due to a large deviation in results and no significant difference between the two 
extractions.  
Pre-extraction, a specific growth rate of approximately 0.045 d-1 was achieved, this increased 
to an average of 0.21 d-1 over the six days post-extraction. This in combination with the lipid 
content increase, resulted in an increase in total lipid mass of 0.6 g L-1 post-extraction to 1.4 g 
L-1 post-recovery, averaging a lipid production rate of 82 mg g
-1 d-1. It is not likely that this 
would be the case after a second extraction as the culture density will eventually reach a point 
where light and/or nutrient availability become limiting growth factors. The nitrate content was 































































































colonies was resulting in an increase of nutrient availability to the cultures. 19.8 and 18.6 mg 
L-1 were found for pre and post-extraction respectively, indicating cellular integrity was 
maintained with no nutrient release into the medium.  
 DISCUSSION 
At 380 rpm, heptane dispersion was partial, with a small volume remaining undispersed at an 
R value of 4 resulting in a final relative FV/FM of 0.9. Increasing the heptane volume from 100 
mL to 150 mL (R from 4 to 2.33) resulted in increased heptane contact and a final relative 
FV/FM of 0.74. There was little difference in FV/FM at mixing rates of 500 with R values of 4 
and 2.33 showing similar trends (final relative FV/FM values of 0.45). There was no significant 
difference in culture performance once complete dispersion was achieved (500 rpm) and higher 
botryococcene extraction efficiency with more heptane (R = 2.33, total lipid extraction 
efficiency = 10.4%). This gives a strong indication of solvent contact being the limiting factor 
in extraction efficiency at higher mixing rates. At 500 rpm solvent dispersion was immediate, 
resulting in an instant decline in FV/FM, this was not the case at 400 rpm, which eventually 
caught up after 100 minutes of contact. This, along with the relative FV/FM of 1 after two hours 
of exposure to shear in the absence of heptane, shows the dramatic effect heptane has on the 
response of B. braunii to shear stress. This being said, in all extractions completed, relative 
FV/FM never dropped below 0.45. Damage to the cultures photosynthetic apparatus occurred 
(at N > 400 rpm) in the first two hours of contact, after which it plateaued for two hours while 
solvent extraction continued. While colonies were disrupted, cellular integrity was maintained, 
confirmed by preliminary nitrate tests which showed a slight reduction in nitrate levels over 
the extraction period (19.8 – 18.6 mg L-1). Solvents like heptane have trouble piercing the ECM 
due to the presence of a hydrophilic sheath of fibrils covering the colony retaining wall, 
significant increases in solvent extraction yields have been obtained through pre-treatment 
methods [2, 54]. However, these pre-treatments often result in cell death. For a repetitive 
extraction process, it is necessary to find a way to compromise the ECM without causing 
irreparable damage to the cells with less harsh treatments, targeted at compromising the 
retaining sheath, another example of this is nanosecond pulsed electric fields [55]. In this study, 
colony structural integrity was weakened by heptane contact, resulting in reduced tolerance to 
hydrodynamic shear. Botryococcus braunii cells have been found to struggle to survive once 
separated from the colony [45], however, in this case, the majority of colonies disrupted were 
not completely broken up resulting in a quick recovery post-extraction. From these results, it 
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can be concluded that the shear generated (415 s-1, 600 rpm, determined using Equation 14) 
was enough to achieve colony disruption while avoiding irreparable damage to the culture.  
Culture recovery was quicker than expected, with the culture FV/FM reaching 0.58 two days 
post-extraction, compared to 0.57 after 10 days in a similar study [16]. The culture density 
continued to increase post-extraction which would have had an influence on this, with the 
generation of healthy colonies masking the loss of FV/FM in the disrupted colonies. Culture 
FV/FM is expected to reduce as the culture reaches stationary phase and growth slows. This was 
not observed as stationary phase was not reached, further extraction events would eventually 
result in this. Recovery in FV/FM in the stationary phase of growth is expected to take longer, 
which would explain the results observed by Moheimani, et al. [16]. Once solvent dispersion 
was achieved (> 500 rpm), R had little effect on the culture FV/FM. Beyond this point, the 
culture behaved much the same at all mixing rates and values of R tested. There is a clear 
correlation between lipid extraction efficiency and mixing rate at the lower mixing rates (N < 
500 rpm), with 1.3%, 4.5%, and 5.1% (380, 400, 500 rpm, respectively) extraction achieved 
with an R value of 4 and 3% and 10.4% (380 and 500 rpm respectively) with an R value of 2.3 
(Table 3.1). Once solvent dispersion was achieved, (N > 500 rpm) from the reduction in lipid 
content in Figure 3.4C, we can see the lipid extraction efficiency did not increase significantly. 
If the culture remains intact, further increasing the mixing rate beyond 600 rpm is expected to 
have little effect on the extraction rate as the heptane is already fully dispersed. R was found 
to have a larger effect on lipid extraction at higher mixing rates, with an almost two-fold 
increase seen between values of 4 and 2.3 at 500 rpm (Table 3.1). As R is reduced further, 
solvent/colony contact is expected to increase, resulting in higher lipid extraction rates. An 
alternative method for increasing solvent/colony contact is through the reduction in solvent 
bubble size. This could be achieved in an STR through membrane dispersion, which in a 
column extractor has been found to increase extraction efficiency by up to 30% [26]. This also 
reduces the rising velocity of heptane, which in the case of an STR would assist with solvent 
dispersion. In a pulsed sieve column, the diameter of the holes in the plates through which the 
solvent travels, pulsing frequency and pulsing amplitude can all be varied to achieve the desired 
solvent bubble diameter [56], which is an advantage of this type of extraction vessel. With an 
STR it is difficult to control the bubble diameter, alternatively using a solvent with higher 
miscibility in water has also been seen to generate a similar effect with increased extraction 
rates due to more effective solvent/colony contact [46]. Frenz, et al. [30] also attempted solvent 
extraction with hexane following a de-watering step. Biomass and botryococcene content were 
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able to recover post-extraction similar to what we observed in this work. Solvent contact is 
much higher without water, resulting in reduced contact times and much lower shear rates. 
However, the effects of solvent toxicity are higher resulting in the FV/FM of a culture grown 
from an inoculum taken after 10 minutes of hexane contact being 15% less than that of the 
control culture 37 days after (similar to that observed after four hours of contact in this study, 
16% after six days, Figure 3.4B). Botryococcus braunii has also been grown on immobilized 
surfaces by Wijihastuti, et al. [20], however, specific growth rates achieved in the exponential 
growth phases of these studies were only 0.13 d-1 and 0.21 d-1 [57] which is much lower than 
suspended cultures which in ideal conditions can reach up to 0.5 d-1 [24]. 
Lipid extraction efficiencies at mixing rates of 500 and 600 rpm over a four-hour contact time 
were 14.8 and 16.3%, respectively. There is potential for extending the solvent contact time 
beyond four hours as the culture FV/FM did not seem to be dropping off and the recovery post-
extraction was relatively quick. It is difficult to predict the extent to which this can be increased, 
and the effects it is likely to have on the culture recovery. Post-extraction the lipid content 
appears to have increased beyond the initial value, reaching as high as 64% (600 rpm). The 
reasons behind this are not completely clear, it has been seen that lipid production can be 
induced post-extraction [16] as the culture attempts to replace lost ECM. It is also possible that 
these smaller colonies post-extraction are increasing in size resulting in further increases in 
ECM production. This increase in lipid content combined with the increase in biomass resulted 
in a lipid production rate over the six days post-extraction of 132 mg L-1 d-1 (82.1 mg g-1 d-1), 
which is mid-range when compared to other studies on lipid productivity during batch 
cultivation, but reasonable when you consider the state of the microalgae post solvent contact. 
If this culture had been in a stationary phase of growth it is likely the lipid productivity would 
have been significantly lower. Griehl, et al. [29] for example, obtained a production rate of 59 
mg g-1 d-1 post solvent extraction on an A race strain of B. braunii [29]. The culture density 
was only 1 g L-1 post-extraction, after which it continued to increase. The other strains extracted 
in this paper had a decrease in biomass post-extraction with lipid production rates of 15.3 and 
3.8 mg g-1 d-1. When Griehl, et al. [29] looked at long-term extraction, the culture density 
reached as high as 3.5 g L-1 and the lipid production rate was a much lower 2.8 mg g-1 d-1. 
Another study completed by Yeesang and Cheirsilp [58] found four different strains with 
specific growth rates of, 0.061, 0.135, 0.182 and 0.223 d-1 had lipid productivities respectively 
of 3.5, 21.3, 39.7 and 46.9 mg L-1 d-1 [58]. This is seen again in the culture extracted by 
Moheimani, et al. [10], which was already in a stationary phase of growth with a lipid 
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production rate post extraction of 24 mg L-1 d-1 [16]. These studies indicate the growth phase 
to be a key factor to consider in lipid production, with higher rates obtained in the exponential 
phase of growth. It is likely the lipid production over repeated extraction events will drop. A 
16.3% total lipid extraction efficiency was achieved at a mixing rate of 600 rpm. Of the 82 mg 
g-1 d-1 of lipid content produced in the recovery phase, 38% was found to be botryococcene, 
the remainder being other lipids/hydrocarbons found in the ECM. It is possible more of this 
content could be converted into botryococcene given time; however, in this study, the final 
botryococcene content of the total lipids was found to be 51% which is lower than the initial 
value of 55%. 
The high rate of growth post-extraction observed in this study was unexpected. A specific 
growth rate of 0.05 d-1 post-extraction is typical of B. braunii at the end of the exponential 
growth phase which is similar to that found in the current study (0.045 d-1). Post-extraction this 
increased to 0.21 d-1 which is expected in early exponential growth. The exact cause of this is 
not currently known. The addition of nutrients such as nitrogen and phosphorus has been shown 
to result in increases in culture density post-extraction reaching as high as 4.1 g L-1 [34]. 
However; in these studies, the nutrients were the limiting growth factor at the point of 
extraction, with fresh nutrients introduced post-extraction. Preliminary tests on nitrogen 
content showed no change over the course of extraction, which indicates no release of nutrients 
from ruptured cells and there was no supplementation of nutrients during or post-extraction. 
The nitrogen content in the medium was found to be 20 mg L-1, which is significantly less than 
the initial concentration (184 mg L-1) indicating it has decreased but is not likely to be growth 
limiting. One possible explanation for this behaviour could be that the breaking up of colonies 
may have resulted in an increased rate of propagation with more smaller colonies generated. 
This would assume the limiting growth factor to be nutrient and light availability, both of which 
would be increased with more, smaller colonies containing a larger surface area for nutrient 
uptake and light absorbance.  
An effect of a reduction in average colony size is increased resistance to hydrodynamic shear. 
The smallest eddies generated by energy dissipation at the impeller can be described using the 
Kolmogorov scale [59]. Once the micro-eddy size drops below the size of the cells being mixed 
damage is likely to occur [37, 43]. According to the equations used by Papoutsakis [59], at a 
mixing rate of 500 rpm, the average micro eddy size is approximately 52 µm. From Figure 3.3 
we can see the large colonies can reach up to 350 µm. These are unable to withstand eddies of 
this size and as a result, are broken down into smaller colonies of around 40 – 80 µm. Lipids 
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can also be seen leaking from the colonies post-extraction, these colonies are only just smaller 
than the average micro-eddy. Colonies of this size while still intact sustained tears in the ECM 
retaining sheath allowing liquid hydrocarbons (botryococcene) to leak out. Single cells are a 
much smaller 5 – 10 µm which prevents further cellular damage from occurring. Droplets 
formed around the colonies (Figure 3.3E) are similar to that observed by Mardikar and Niranjan 
[60], suggesting further increasing the shear may lead to further damage and eventually 
complete colony disruption [60]. The regrouping of colonies post-extraction is also worth 
noting. It is difficult to discern exactly what caused this, it is possible it could simply be due to 
natural agglomeration, or perhaps it was assisted by the non-polarity of the lipids leaking from 
the ECM.  
 CONCLUSIONS/RECOMMENDATIONS 
Botryococcus braunii showed potential biocompatibility with heptane under certain conditions 
with FV/FM and cellular structure maintained throughout the extraction process. Any loss in 
maximum quantum yield can be attributed to the disruption of colonies, which is a necessary 
step in the extraction of botryococcene from the ECM. A low energy colony disruption step 
like nanosecond pulsed electric fields or high-pressure homogenization pre-extraction may 
provide heptane with immediate access to botryococcene stored within the ECM, increasing 
extraction efficiency, reducing the required period for solvent contact. Furthermore, if the 
extracting solvent (in this case heptane) could be contacted with the culture during pre-
treatment, colony disruption could be achieved with lower shear rates, requiring less energy. 
This would reduce the required heptane contact time and can be carried out in a low shear 
environment similar to the hexane column extraction produced by Griehl, et al. [29].  
Lipid production rate post-extraction was 82 mg g-1 d-1 which is higher than that observed in 
other repetitive milking studies due to high culture-specific growth post-extraction (0.21 d-1). 
If this extraction was to be repeated on the same culture post-recovery, it is expected the 
culture-specific growth rate would be much lower as stationary phase is achieved, which would 
have an impact on long term lipid production rates. Of the conditions tested, 500 and 600 rpm 
with R values of 2.3 (culture/solvent = 350/150) over a four-hour contact period, proved to be 
the most effective achieving total lipid extraction yields of 14.8 and 16.39%, respectively. It is 
not likely increasing the mixing rate beyond 600 rpm will increase solvent dispersion; however, 
it should result in higher energy dissipation around the impeller and smaller micro eddies 
leading to increased colony disruption. If this course was taken, either the contact period would 
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need to be reduced or the recovery period increased to compensate. Alternatively, increasing 
the extraction period may increase the lipid extraction yield further without resulting in harm 
to the culture. Reducing R may also generate higher extraction rates; however, as this is 
increased further the volume of solvent required when scaling up becomes an issue.  
The next step in determining the feasibility of this process is examining the culture 
lipid/botryococcene content over a series of extractions (milking) or separating the two 
processes into a mechanical pre-treatment stage with high shear, to release liquid hydrocarbons 
from the ECM, followed by a low shear high solvent contact extraction similar to that carried 
out by Griehl, et al. [29]. The extraction and shear data obtained in this work should be 
applicable to similar solvent extraction processes and will assist with extraction modelling and 
vessel design which are important aspects of the scale-up and feasibility studies.  
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Chapter 4: REPETITIVE SOLVENT EXTRACTION OF 
BOTRYOCOCCENE FROM BOTRYOCOCCUS BRAUNII 
FOREWORD 
Once the solvent exposure period and level of shear to be used in the extraction process were 
determined the next step was to attempt to repeat this extraction at various culture densities and 
recovery periods. In this chapter, we attempted to carry out a repetitive solvent extraction 
process while addressing several gaps found in the literature in Chapter 2. The initial culture 
density, solvent contact time and recovery period were altered while the culture maximum 
quantum yield, lipid, and botryococcene content were monitored. Once the optimal extraction 
conditions with heptane were found, further extractions were carried out with dodecane to 
investigate the extraction potential of a solvent with relatively high biocompatibility with B. 
braunii.  
The first section of this chapter focuses on initial culture density and lipid/botryococcene 
content post-extraction, with a small amount of overlap from Chapter 3 and was published as; 
proceedings to CHEMECA 2018, titled: Response of Botryococcus braunii to repetitive non-
destructive extraction of lipids with heptane. The second section investigates the effect of 
extraction frequency and recovery period, and the use of dodecane as a suitable solvent for 
repetitive extraction. This was published as a research article in the Journal of Applied 
Phycology, titled: Repetitive extraction of botryococcene from Botryococcus braunii: A study 
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RESPONSE OF BOTRYOCOCCUS BRAUNII TO REPETITIVE NON-
DESTRUCTIVE EXTRACTION OF LIPIDS WITH HEPTANE 
ABSTRACT 
Botryococcus braunii is a freshwater microalga, containing high lipid content rich in long chain 
hydrocarbons. These hydrocarbons have high biofuel potential and are used as a high-value 
product in the cosmetics industry. The colonial nature of B. braunii is such that a portion of 
these lipids are stored in an extracellular matrix which can, through separation technologies, 
be extracted with minimal cost to culture viability. In this study, it was found that B. braunii 
can recover between extraction events with a three-day recovery period, for at least three repeat 
extractions. Theoretical lipid and botryococcene production rates of 68 and 20 mg-1 g-1 d-1 at a 
culture milking density of 1.16 gL-1 were as good, if not better than that reported in previous 
literature. Botryococcene content decreased from 56 – 38% of the total lipid content at the end 
of the third recovery phase. Milking at five-day intervals was unsuccessful due to high pre-
extraction culture densities. Reducing this to obtain a sustainable five-day milking process is 
predicted to result in reduced lipid productivities, higher botryococcene content and reduced 
operational costs. Furthermore, it was found that re-using heptane had little to no effect on the 
extraction efficiency or culture activity, reducing botryococcene/heptane separation frequency 
and the required level of separation, significantly reducing downstream separation 
requirements. While a small portion of culture was lost to an emulsion, the culture recovery 
period was sufficient for the culture to replace this lost biomass and the emulsion was easily 
extracted and agglomerated for quick and easy processing.  
Keywords: in-situ extraction, botryococcene, microalgae, lipid production, solvent extraction. 
 INTRODUCTION  
Botryococcus braunii is a green freshwater microalga well known for its high lipid content. Of 
the four known races (A, B, L and S), B has shown high potential for hydrocarbon production, 
with lipid content typically ranging from 30 - 40%, on one occasion reaching as high as 86% 
(Brown & Knights, 1969; Jackson et al., 2017; Metzger & Largeau, 2005). One of the major 
drawbacks to this algal species is the slow specific growth rates which typically range between 
0.1 - 0.3 d-1. These low growth rates make traditional biofuel extraction processes expensive 
due to high volumes, resulting in high energy demands associated with cultivation and 
73 
 
dewatering/drying (de Boer et al., 2012; Singh et al., 2014). Botryococcus braunii is unique in 
that it stores the bulk of its lipid content outside the cell, in a matrix encased by a retaining wall 
of primarily arabinose-galactose polysaccharides (Weiss et al., 2012). This provides a unique 
opportunity to extract the lipid content without the loss of cellular integrity. The culture can 
then replace extracted lipid content, reducing cultivation related nutrient demands. 
Furthermore, lipid extraction from B. braunii can be carried out in-situ, without the need for 
dewatering or harvesting, completely removing these steps from the process.  
In-situ solvent extraction requires that B. braunii colonies be exposed to an extracting solvent 
which removes lipid content from the extracellular matrix (ECM). The removal of ECM 
contents during the extraction process will result in increased sensitivity to shear generated by 
the solvent dispersal mechanism (Jackson et al., 2017). Previous work on the shear sensitivity 
of B. braunii under identical conditions showed mechanical damage from mixing to be minimal 
in the absence of solvent (Jackson et al., 2018). It was also found that the major loss in culture 
viability was a result of colony destabilisation, the bulk of which occurred in the first two hours 
of solvent contact. Botryococcus braunii cells do not live long once separated from the colony 
(Hou et al., 2014) and will require a recovery period post-extraction to replace ECM and re-
colonise. There are several solvents which have been examined in literature each with their 
own downfalls. Solvents with high polarity tend to have higher extraction efficiencies, 
however, these solvents have also proven to be highly toxic, reducing available solvent contact 
time (Frenz et al., 1989). Heptane and hexane are two solvents which are commonly used, 
hexane with slightly higher extraction efficiency, heptane with slightly higher biocompatibility 
(Moheimani et al., 2013). Heptane has been chosen for use in this study in favour of the 
increased biocompatibility.  
There have been few studies looking at the viability of repetitive extraction, however, the 
number of extractions is finite and eventual culture collapse is observed (Griehl et al., 2015; 
Moheimani et al., 2014). Whether or not this is a result of nutrient starvation or excess solvent 
toxicity has yet to be confirmed. The main purpose of papers to date was to confirm the viability 
of repetitive extraction, generating relatively low hydrocarbon productivities at 1.2 – 2.8 mg g-
1 d-1 (total lipid) and 11.63 mg g-1 d-1 (total external hydrocarbons). Nutrient supplementation, 
solvent contact time, solvent dispersion mechanism, culture recovery period, and culture pre-
treatment are just a few areas which have yet to be optimised. This study will focus on the 
effect of initial culture density on biomass and lipid recovery during repetitive extraction as 
these are the two key factors of overall lipid productivity.   
74 
 
 MATERIALS AND METHODS.  
4.2.1 Culture 
The green freshwater algae B. braunii, strain BOT-22 (B race), originally obtained from The 
AOACC culture collection, Tsukuba, Japan, was used for this study. The culture was 
maintained in AF6 medium, modified with MES buffer (2.05x10-3 M), the removal of CaCO3 
and a modified trace metal solution. Cultures were maintained at 25 °C, under a 12:12 
light:dark cycle (77 ± 0.4 μmolphotonsm−2s−1). Culture density was maintained at 1 – 3 g L-1 
with 1% v/v CO2 during light exposure periods, for maximum lipid productivity. 
4.2.2 Experiment design 
Extraction vessel 
An unbaffled 600 mL glass beaker with a diameter and height of 90 mm was used as the 
extraction vessel. The agitator used was a six bladed Rushton turbine with a diameter of 36 
mm and blades with a length of 10 mm and width of 9 mm. Clearance between the agitator and 
vessel floor was 18 mm. All aspects of the vessel were maintained throughout the duration of 
this study. Solvent and culture were added to the extraction vessel at the beginning of each 
extraction phase. In order to maintain a constant culture to solvent ratio throughout the 
extraction process, additional solvent was added to the culture every 20 minutes as required to 
account for solvent evaporation.  
Extraction phase 
Culture density was varied between 1.1 g L-1 and 2.2 g L-1 for experiments run with a three-
day recovery phase and 2.2 g L-1 – 2.9 g L-1 with a five-day recovery phase. The first extraction 
of each run was run in triplicate and second in doublet to ensure culture volume after sampling 
was sufficient for subsequent extractions. 150 mL of heptane was added to 350 mL of culture 
at the beginning of each extraction. After four hours of contact, the heptane emulsion was 
separated and placed in the freezer overnight, and the culture transferred into a flask for the 
recovery phase. The heptane emulsion was removed from the freezer the following morning, 
the water content discarded, heptane layer put back in the freezer for use in the next extraction 
phase. The biomass/water/lipid phase was exposed to 100 mL of heptane via magnetic stirrer 
for two hours, after which the lipid content in the heptane layer was retained for lipid 
determination and biomass discarded. A mixing rate of 600 rpm, as determined to be optimal 




Post extraction culture was maintained in 1000 and 500 mL erlenmeyer flasks aerated with 0.5 
L min-1 of CO2 (1% v/v) under cool light at an intensity of 77 ± 0.4 μmolphotonsm
−2s−1. CO2 
and light were operated on a 12hr/12hr on/off cycle. The recovery phase lasted three or five 
days after which the culture was again exposed to heptane for subsequent extractions. 
4.2.3 Analytical techniques 
Biomass 
Culture biomass was determined through ash free dry weight (AFDW) analysis. 3 mL samples 
were filtered, dried at 60 °C and allowed to cool in a desiccator, before being weighed for the 
gross dry weight. The samples were then combusted at 450 °C, left to cool in a desiccator and 
re-weighed for the gross ash dry weight. The AFDW was calculated as gross dry weight less 
gross ash dry weight. Filters were washed and soaked in deionised water and pre-ashed at 450 
°C prior to use. All biomass samples were taken in replicates of 3.  
Total lipid content 
Total lipid content was measured using a modified version of that used by (Bligh & Dyer, 
1959). Samples were stored in a freezer prior to being exposed to liquid nitrogen for the lipid 
extraction. 5.7 mL of a 2:1:0.8 mixture of Methanol:Chloroform:Deionised Water was added 
to the samples which were centrifuged, after which the decant was collected (repeated twice 
per sample). 3 mL of chloroform was then added to the organic/aqueous mixture which was 
vortexed, followed by 3 mL of deionised water which was again vortexed, then left overnight 
to separate before removing the top phase (methanol/water) and collecting the bottom phase 
(chloroform/lipid). The remaining chloroform phase was then heated on a plate (38°C) under 
nitrogen in pre-weighed vials. The vials containing the dried lipid were left in a desiccator 
overnight and weighed the following morning. Lipid content in the heptane was also measured 
through drying in a pre-weighed vial on a heated plate and weighed the following morning.  
Culture stress response 
The maximum quantum efficiency (FV/FM) indicates the efficacy of a photosynthetic organism 
to use light for photosynthesis (Baker, 2008). Variation in this value can be used to show 
damage to the photosynthetic apparatus as a result of stress (Ishika et al., 2018). In this work, 
FV/FM was used to monitor the cultures ability to carry out photosynthesis post-extraction as 
this is integral in culture recovery and the production of biomass and lipids lost during the 
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extraction phase. Fluorescence measurements were made using an AquaPen-C AP-C 100 
(Photon systems instruments, Czech Republic). 3 mL of sample was used for all FV/FM 
samples. All samples were diluted (3 mL sample : 15 mL fresh medium) and dark adapted for 
30 minutes prior to measurement. Two of the runs were carried out with light and dark adapted 
FV/FM values, measured to see the difference between the two values. Dark adaptation was 
used for the remainder of the measurements as there was no significant difference between the 
two, except those measured directly after extraction, due to the presence of solvent toxicity and 
stress from mixing. FV/FM was measured before and after solvent extraction as well as daily 
for the duration of the recovery period post-extraction.  
Hydrocarbon quantification 
Lipid content collected from each sample was dissolved in heptane and analysed via gas-
chromatography mass-spectrometry (GC/MS). The nature and quantity of the hydrocarbons 
produced were measured against a botryococcene standard (provided by M. Watanabe at the 
University of Tsukuba, Tokyo), the primary hydrocarbon produced by B. braunii race B 
(Kawachi et al., 2012). The GC/MS unit used was a BPX 5 gas chromatograph-mass 
spectrometer, equipped with a quadrupole detector. The GC column had a length of 30 m with 
a film thickness of 0.25 μm. The oven temperature was programmed from 130 °C to 270 °C 
with a ramp up rate of 20 °C per minute and to 300 °C at a rate of 2 °C per minute with a 
holding time of 8 minutes. The carrier gas used was helium at a flow rate of 0.96 mL per minute 
using splitless injection.      
 RESULTS 
The first set of extractions were carried out at 1.55 ± 0.15 g L-1 (Figure 4.1, left). At this initial 
density, the culture FV/FM was able to recover to 0.63 – 0.68 with a three-day recovery period. 
The formation of an emulsion layer on top of the culture post-extraction made it difficult to 
retain all the culture mass. As a result, 10%, 10% and 9% of the biomass in the culture was lost 
at the end of the first, second and third extraction phases, respectively. This emulsion layer was 
recovered and put through a secondary extraction which reduced the lipid content in the 
emulsion biomass from 35% to 20%. The culture was able to replace biomass lost due to lipid 
extraction and the emulsion layer during the extraction phase in time for the next extraction, 




Figure 4.1 Culture density and quantum yield (FV/FM) of four-hour solvent extractions at initial culture densities 
of 1.55 ± 0.15 g L-1 (left) and 2.52 ± 0.08 g L-1 (right). Diamonds – FV/FM, Squares – Density (g L-1). Error bars 
– Standard error, four replicates.  
When the initial culture density was increased to 2.52 ± 0.08 g L-1 (Figure 4.1, right), culture 
recovery slowed, requiring five days to reach a similar FV/FM (0.64 – 0.65). Culture density 
continued to decline during the recovery phase indicating the growth rate of new cells was 
unable to compensate for cells irreparably damaged during the extraction. A longer recovery 
period may be required for higher densities resulting, in the long term, in lower lipid production 
rates. The culture managed to recover eventually, showing a positive growth rate in the third 
recovery period. It is likely this would be seen to increase further in consecutive extractions 
eventually reaching a stable density somewhere between 1.55 g L-1 and 2.52 g L-1 (with a 5 day 
recovery period), where biomass gained from growth during the recovery phase is equal to that 
lost during the extraction phase.  
 
Figure 4.2 Culture quantum yield (FV/FM) response up to three days after a single four-hour solvent extraction at 
various culture densities (g L-1, left), lipid and botryococcene content before and after solvent extractions with a 
three-day recovery period (right). Error bars (on right) based on the standard error of five replicates with initial 
densities ranging from 1.1 – 2.1 g L-1. 
Looking at each run’s response to the first solvent extraction separately shows a clear trend in 
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L-1, a three-day recovery was insufficient, with the FV/FM only reaching 0.5. While this is 
enough for the culture to survive, the culture needs to be above this for healthy cellular function 
and biomass/lipid production at a rate high enough to replace that lost in the solvent extraction 
phase. It is also worth noting the cultures initial response to the extraction, only in the 1.12 g 
L-1 and 1.40 g L-1 runs was an increase in FV/FM seen in the first 24 hours. In the other 
extractions, the overall condition of the culture continued to deteriorate post-extraction 
reaching as low as 0.1 (2.85 g L-1 initial density, Figure 4.2 left) before a positive change was 
seen.  
Lipid extraction efficiencies significantly increased in the second and third extractions rising 
from 15% to 36% and 34% for extractions two and 3, respectively. Lipid content in the solvent 
reached as high as 2.4 g L-1 with no noticeable effect on extraction efficiency, showing it can 
be reused, reducing the required downstream separation demands. Lipid production during the 
recovery phase for the 1.35 g L-1 runs was high, resulting in a lipid content of 61%, 65% and 
61% at the end of the first, second and third recovery phases respectively. This increase in lipid 
content indicates a high rate of lipid production during the recovery phase, which is especially 
important in the second and third recovery phases, where lipid extraction efficiencies were 
much higher. Botryococcene synthesis was found to be slower than lipid production, showing 
an initial botryococcene content of 56% (% total lipid DW), dropping over the three extractions 
down to 38%, indicating an extended recovery phase may be beneficial to maximize 
botryococcene production.  
 
Figure 4.3 Average culture growth rate during the first (left) and second (right) three-day recovery phase as a 
function of pre-extraction culture density.  
As stated earlier, the culture growth rate during the recovery period was strongly influenced by 
the initial culture density. Figure 4.3 shows a maximum culture density pre-extraction of 2.0 
and 1.7 g L-1 for net positive growth over first and second recovery periods, respectively. As 
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the culture growth rate in the third recovery phase showed a poor correlation with initial culture 
density and showed positive growth rates in the majority of extractions and growth rates in the 
second recovery period were lower than that of the third, the second recovery phase growth 
correlations have been used for projecting future recovery periods. It should be noted that these 
growth rates are averages with culture density measured at the beginning and end of the 
recovery phase. It is likely growth rate would be low at the beginning of the recovery phase as 
cells recover from damage sustained in the extraction phase, and lower at the end of the 
recovery phase in the cultures with higher densities, due to light and nutrient limitations. As 
such, these average growth rates can only be applied, with reasonable certainty, to the recovery 
periods and densities used in this work. Table 4.1 shows a summary of a few key parameters 
used to predict future extraction efficiencies and generate a theoretical lipid production rate for 
a three-day recovery period using the data obtained in this work.   
Table 4.1 Parameters for repetitive extraction with a three-day recovery period. 
Extraction repeat 1 2 3 n 
Pre-extraction Density (g L-1) 1.45 1.41 1.16 1.16 
Post extraction Density (g L-1) 1.24 0.95 0.79 0.79 
Recovery phase growth rate (d-1) 0.03 0.07 0.13 0.13 
Extraction efficiency (Total lipid) 13% 36% 34% 34% 
Lipid content (dw%) 58% 56% 59% 59% 
Biomass lost (emulsion, g L-1) 0.10 0.18 0.13 0.13 
Assuming this process is sustainable, the overall lipid production rate would be 68 mg g-1 d-1 
(78 mg L-1 d-1). Biomass loss to emulsion amounts to 22 mg g-1 d-1. It is possible this could be 
re-used, and nutrient content recycled, however assuming this is not the case, nutrient 
supplementation would have to meet this demand during the recovery phase. It is difficult to 
predict what will happen to the botryococcene content as extractions continue, it is likely it will 
drop a little further, assuming it reaches a minimum at 30% (total lipid content), a 
botryococcene production rate of 20 mg g-1 d-1 (24 mg L-1 d-1) is possible. 
 DISCUSSION 
At an initial culture density of 1.55 g L-1, repetitive extraction was sustainable with biomass 
and lipid growth in the recovery phase making up for the loss in the extraction phase. The 
formation of an emulsion during the solvent extraction phase proved to be problematic when it 
came to separate heptane from the culture post-extraction. The presence of water-soluble 
polymers produced by B. Braunii, acting as surfactants, is known to have a negative effect on 
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hydrocarbon extraction efficiencies from dry B. braunii biomass (Atobe et al., 2015). This 
would explain why the extraction efficiency in the first extraction (15%) was much lower than 
that of the second (36%) and third (34%). The removal of these polymers prior to extraction 
may result in higher extraction efficiencies. This would reduce the required solvent contact 
time and in doing so reduce the stresses applied in the extraction process, allowing for faster 
recovery post-extraction. Emulsification could also be a result of the form of solvent dispersion 
in this vessel, the use of an alternate mixing vessel such as a pulsed sieve or reciprocating plate 
should result in reduced emulsification and increased extraction efficiencies. Alternatively, 
demulsifying agents can be added to the culture, as long as they are not toxic to B. braunii (Jin, 
2016). The culture is already under a significant amount of stress, adding more stresses may 
result in further increases to culture mortality.  
As the pre-extraction culture density was increased, the rate of recovery decreased, requiring 
five days for the culture FV/FM to recover at densities greater than 1.7 g L
-1. While the culture 
was relatively healthy after five days (FV/FM = 0.64 to 0.65), the loss in biomass in the first two 
to three days of the recovery phase was too much and five days was not long enough for the 
biomass to recover. The correlation between culture density and FV/FM immediately after 
extraction was weak (R2 = 0.03), while the correlation after 24, 48 and 72 hours were much 
stronger (0.81, 0.88, and 0.66 respectively). This indicates a high culture density does not affect 
the cultures stress response to the extraction itself, but to the recovery response post extraction. 
The recovery period growth rates were also strongly related to pre-extraction culture density. 
The stationary phase of this particular culture was found to be around 3.5 g L-1. The culture is 
going to take longer to recover at the higher densities as it will need time to revert to a higher 
biomass productivity phase of growth. Higher density cultures will also have lower access to 
light, which is crucial for cellular growth and lipid production. Botryococcus braunii lipid 
production has been found to be highest during the late exponential growth phase (Metzger & 
Largeau, 2005), if the culture can be maintained around 1.5 g L-1, lipid productivity is likely to 
be higher than that of a stationary culture. Even if we wanted to operate with the culture in the 
stationary growth phase, for non-destructive extraction, in this situation it is not possible. A 
portion of the culture will die regardless of the initial density and recovery period. The level of 
nutrient supplementation required to continue repetitive extractions would still be much lower 
than that required for an ex-situ extraction process, with 0.13 g L-1 of biomass to be replaced 
every three days.  
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Reusing heptane for the second and third extractions did not have a negative effect on the 
extraction efficiency or culture recovery. The extraction efficiency was higher in the second 
and third extractions with the second and third recovery phases also showing strong growth 
and lipid production. Reusing heptane already containing lipid content will reduce the 
frequency of downstream lipid separation and the required quality of the heptane to be re-used, 
which will significantly reduce distillation energy and equipment demands. The botryococcene 
content continued to decline over the three extractions. Botryococcus braunii produces 
botryococcene precursors (C30, C31, etc.) intercellularly and excretes these from the cell into 
the ECM where they are converted into higher homologues such as C34H56, the hydrocarbon 
produced in this work (Banerjee et al., 2002). Increasing the recovery period should result in 
higher botryococcene productivity, depending on the nature of the lipids extracted and whether 
or not the main product for the extraction is botryococcene or bio-oil in general, a longer 
recovery period may be beneficial.  
The growth rate in the second recovery phase was typically the lowest of the three phases. 
Using the relationship between this and the pre-extraction density for future extractions, a 
culture density which is sustainable for a repetitive extraction with a three-day recovery was 
calculated. 1.16 g L-1 is not a high density for indoor cultivation, however, if sustained, the 
botryococcene production rate (20 mg g-1 d-1) is much higher than that achieved by other 
studies. Moheimani et al. (2014) for example achieved a hydrocarbon production rate of 12.9 
mg g-1 d-1 for a period of up to 70 days. Extractions, in this case, were every 11 days, with a 
culture density of 0.9 g L-1. The culture was stated as being in the stationary growth phase and 
only contained 30% lipid content (by weight), which may explain the low hydrocarbon 
production rates. Another study by Griehl et al. (2015) achieved a lipid yield of 19 mg g-1 d-1 
for five days; however, the extraction on that particular strain was not sustainable.  They did 
manage to carry out repetitive extraction on one of the other strains for a period of six weeks 
with a lipid yield of 1.2 – 2.2 mg g-1 d-1. It should also be noted that the strain used by Griehl 
in the long term repetitive extraction (6 weeks) was A Race which, compared to B Race, has 
low lipid productivity (Jackson et al., 2017). In both of these studies, the botryococcene content 
dropped over the duration of the extraction. This is one of the major downsides to short 
recovery periods. 30% (total lipid) was assumed to be the point where this levels out; however, 
it is possible that it will drop further. This is an integral part of the colony ECM and if it dropped 
below a certain point, it is likely that culture collapse would result, limiting the number of 
extractions before culture replacement is required. There was no positive growth observed with 
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the five-day recovery experiments as the culture densities were too high. Assuming the same 
growth correlations, lipid content and extraction efficiencies as with the three-day recovery 
apply, an optimal density of 1.4 g L-1 is found. At this pre-extraction density a lipid production 
rate of 46 mg g-1 d-1 is achieved. While this is lower than that of the three-day extraction, the 
botryococcene content is likely to be higher, the culture is likely to survive a higher number of 
extractions and the extraction frequency is less, which would be cheaper from an operational 
perspective.  
While this work shows promising lipid productivities for indoor cultivation, it is somewhat 
limited in its application to scale up. Cultivation of microalgae at industrial scale is typically 
only feasible outdoors, with the use of raceway ponds. This results in inconsistent light supply 
and temperatures, difficulties in uniform mixing and reduced culture productivities and 
densities (Borowitzka & Vonshak, 2017). In this work, maximum culture density was achieved 
around 3.5 g L-1 with consistent light and CO2 supply. Culture densities of 1 – 2 g L
-1 have 
been achieved outdoors, with seasonal variations (Ashokkumar & Rengasamy, 2012; Ranga 
Rao et al., 2012). If we scale the indoor performance of Bot-22 to a maximum culture density 
of 1.5 g L-1, with biomass productivities maintained due to the reduced densities and increased 
light and nutrient availability the following productivities are achieved. 
Table 4.2 Parameters for repetitive extraction in open raceway ponds. 
Extraction repeat 1 2 3 n 
Pre-extraction Density (g L-1) 0.62 0.58 0.48 0.49 
Post extraction Density (g L-1) 0.53 0.39 0.33 0.33 
Recovery phase growth rate (d-1) 0.03 0.07 0.13 0.13 
Extraction efficiency (Total 
lipid) 
13% 36% 34% 34% 
Lipid content (dw%) 58% 56% 59% 59% 
Biomass lost (emulsion, g L-1) 0.04 0.07 0.05 0.06 
At these reduced densities lipid and botryococcene productivities drop from 78 mg L-1 d-1 and 
24 mg L-1 d-1 to 33 mg L-1 d-1 and 10 mg L-1 d-1 respectively. Batch cultivation of B. braunii in 
outdoor raceway ponds have achieved productivities of 22 mg L-1 d-1 (Ashokkumar & 
Rengasamy, 2012; Rao et al., 2012) which is slightly lower, the downside to these processes 




 CONCLUSIONS AND RECOMMENDATIONS 
Carrying out repetitive extraction indoors, at a starting culture density of 1.55 g L-1, with a 
recovery period of three days, proved to be sustainable for at least nine days with the potential 
for further extractions. Increasing the culture density above 1.7 g L-1 resulted in the requirement 
of an extended recovery phase and loss in culture biomass, resulting in an un-sustainable 
extraction process. Lipid content was maintained around 60% (DW) while botryococcene 
content declined, reaching a value of 38% (total lipid) after the third recovery phase. Running 
with a five-day recovery period at lower culture density (1.4 g L-1) is likely to result in a 
sustainable process with lower lipid productivity (46 mg g-1 d-1), but higher botryococcene 
productivity, reduced operational costs and extended culture viability. Scaling these 
productivities down to a maximum culture density of 1.5 g L-1 for outdoor cultivation results 
in lipid and hydrocarbon productivities respectively of 33 mg L-1 d-1 and 10 mg L-1 d-1 
respectively.  
The production of water-soluble polymers by B. braunii is going to be a problem at large scale 
which will need to be addressed. The method of solvent dispersion used in this paper is crude 
and may not be optimal with alternative options such as reciprocating plate columns, providing 
an environment less conducive to the formation of emulsions. This will reduce the loss of 
biomass retained in these emulsions and nutrient supplementation requirements of the process. 
Heptane was a suitable solvent for this application and the reuse did not seem to negatively 
affect extraction efficiencies and/or culture viability. This is an important aspect for scale-up 
and will have a significant effect on the separation requirements of downstream processing. 
The limit at which the botryococcene content in the heptane hinders extraction and/or results 
in increased culture mortality is not yet known.  
While these results are promising, this work shows that lipid productivities from B. braunii can 
be improved, there are still many aspects of this process which have yet to be optimised and 
may result in further increases in culture pre-extraction density, reductions in losses in biomass 
and increases in lipid and biomass recovery rates post-extraction, all of which will have 
significant effects on overall lipid productivity of the process. Further studies on the outdoor 
cultivation of this alga would significantly improve the accuracy of the predicted outdoor 
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REPETITIVE EXTRACTION OF BOTRYOCOCCENE FROM 
BOTRYOCOCCUS BRAUNII: A STUDY OF THE EFFECTS OF 
DIFFERENT SOLVENTS AND OPERATING CONDITIONS 
ABSTRACT 
As global temperatures continue to increase the move to renewable energy sources is becoming 
an essential step in achieving a sustainable future. Biofuels from microalgae, while still more 
expensive to produce than fossil fuels, are of great interest for the high microalgae biomass 
growth rates, high lipid content, relatively low water requirements, and ability to be grown on 
non-arable land. Botryococcus braunii is a freshwater green microalga which grows in colonies 
supported by an extracellular matrix (ECM) of liquid hydrocarbons. Recent studies have 
investigated the efficiency of non-destructive in-situ solvent extraction of lipids from B. braunii 
with a variety of solvents. These hydrocarbons are encapsulated in a retaining wall coated by 
a sheath of amphiphilic fibrils which have been found to act as a barrier to solvents. By carrying 
out repeated in-situ solvent extraction in a high shear environment we found access to the ECM 
can be significantly improved. Sustainable botryococcene and total lipid productivities of 29.9 
± 8.5 and 71.3 ± 20.3 mg L-1 d-1 were achieved with heptane extraction, a shear rate of 415 s-1, 
initial culture density of 1.62 ± 0.12 g L-1, contact period of four hours and a recovery period 
of three days. Nutrient supplementation to replace those lost in the emulsion entrained biomass 
will be required to maintain a sustainable process. The combined presence of heptane with high 
shear proved to be an effective colony disruption method which could be an effective pre-
treatment followed by a low shear, high solvent contact, extraction method.  
Keywords: In-situ extraction, Botryococcus braunii, botryococcene, repetitive extraction, 
heptane, dodecane.  
 INTRODUCTION 
The increased levels of greenhouse gases (CO2, CH4, NO2) is a problem which continues to 
grow as a population with increasing energy demands struggles to adapt to a carbon-neutral 
lifestyle (Al-Ghussain 2018). The production of energy from renewable sources can help 
reduce our reliance on fossil fuels, reducing the level of greenhouse gases released into the 
earth’s atmosphere. There are a number of renewable energy sources already being utilised, in 
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2015 the total amount of electricity produced by renewables was 5635 TWh, of which; 71 % 
was hydro, 15 % wind, 8 % bioenergy and the remaining 6 %, geothermal and marine (IRENA 
2017). While bioenergy only makes up a small portion of the renewable energy sector it shows 
great promise, with significant areas of improvement to be made. Biofuels from microalgae is 
one area which requires a great deal of work before it can be seriously considered as a viable 
renewable energy, this study offers an alternative to the conventional extraction process which 
may help in the reduction of certain costs associated with the production of these fuels (Fon 
Sing et al. 2013; Singh et al. 2014; Chaudry et al. 2015).  
Microalgae are a promising source of biofuel with total oil productivities in outdoor race-way 
ponds typically ranging from 11 – 57 t ha-1 year-1 (Griffiths and Harrison 2009), significantly 
higher than other biofuel sources such as palm oil (Elaeis guineensis) producing 4.7 t ha-1 year-
1 (Mata et al. 2010). Furthermore; microalgae can be grown in relatively low-quality water 
(Borowitzka 1999; Wang et al. 2008) reducing freshwater requirements and can be grown in 
environments unsuitable for agroecosystem or forest production, unlike terrestrial biofuel 
sources (de Boer et al. 2012; Borowitzka and Moheimani 2013; Dixon 2013). There are serious 
problems with the microalgal-biofuel process such as; high nutrient requirements and achieving 
economic dewatering and oil extraction processes. These obstacles must be overcome before 
biofuel can be realized as a reliable fuel source (de Boer et al. 2012; Singh et al. 2014). The 
interest in B. braunii for the use of its hydrocarbons in biofuel production goes back as far as 
a study carried out by Hillen et al. (1982), which focused on the hydrocracking potential of B. 
braunii oil-producing; 67 % gasoline fuel, 15 % aviation turbine fuel, 15 % diesel fuel and 3 
% residual oil. There are four different Races of B. braunii (A, B, L, and S) each known for 
producing different hydrocarbons with varying quantities (Kawachi et al. 2012), making strain 
selection another important factor to consider in studying this alga’s potential as a source of 
biofuel. Race B typically has the highest total lipid content ranging from 20-75 %, of which 
47-56 % is a long chain hydrocarbon (C34H58), known as botryococcene (Maxwell et al. 1968; 
Kojima and Zhang 1999; Eroglu et al. 2011; Moheimani et al. 2014; Jackson et al. 2018a). 
Botryococcene can be broken down into shorter chain hydrocarbons via processes such as 
hydrogenolysis with the aid of certain catalysts, producing higher yields of gasoline, jet fuel, 
and diesel than other Races (Nakaji et al. 2017).  
While B. braunii has relatively high lipid content, its specific growth rate is typically low, 
ranging from 0.09 to 0.5 d-1 (Yoshimura et al. 2013), under controlled indoor conditions. This 
further exacerbates the issue microalgal biofuel has of low biomass densities making certain 
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aspects of the process such as cultivation harvesting and dewatering/drying, both nutrient and 
energy expensive (Mata et al. 2010; Gebreslassie et al. 2013; Kim et al. 2013; Raheem et al. 
2018). One key aspect of B. braunii which separates it from other algal species is the lipid 
storage mechanism. Botryococcus braunii forms colonies of cells held together by a cross-
linked network of polymethyl squalene diols and polyacetals, permeated with liquid 
hydrocarbons (Metzger et al. 2007; Weiss et al. 2012). While it is not known for sure what the 
reason for this is, some believe it to be both a defensive mechanism to protect the cells from 
harmful conditions and predators as well as a buoyancy mechanism helping raise colonies 
closer to the surface increasing accessibility to light (Maxwell et al. 1968; Weiss et al. 2012). 
It is possible to extract the liquid hydrocarbons stored in the ECM with non-polar solvents, 
without causing permanent damage to the cells (Moheimani et al. 2014; Griehl et al. 2015; 
Jackson et al. 2017, 2018b; Mehta et al. 2019). This process is carried out in-situ and is non-
destructive, removing the need for dewatering/drying and allowing the reuse of algal cells, 
significantly reducing the requirements of growth-related nutrients (nitrogen, phosphorus, 
vitamins, etc). One of the major issues with this process is achieving high lipid extraction 
efficiency without causing too much damage to the culture (Moheimani et al. 2013; Griehl et 
al. 2015). The non-destructive lipid extraction processes can be achieved via two different 
pathways; mechanical extraction and chemical extraction. Botryococcus braunii colonies 
respond to high-pressure environments by excreting liquid hydrocarbons from the ECM into 
the surrounding medium which can then either be washed off the colonies or extracted using a 
solvent (Moheimani et al. 2013). A good example of this is the membrane separation method 
used by García-Cubero et al. (2018). High pressures at the membrane interface cause the 
release of liquid hydrocarbons which then pass through the membrane while the algal cells are 
retained for further hydrocarbon production. Non-destructive chemical extraction is achieved 
using solvents which the desired hydrocarbons are extracted into and can be achieved one of 
two ways; a batch process where the solvent and culture are mixed periodically via mechanical 
means (Moheimani et al. 2014), or in a column either containing the culture which the solvent 
is passed through (Zhang et al. 2013) or containing the solvent which the culture is passed 
through (Griehl et al. 2015; Mehta et al. 2019). The latter method has the advantage of little to 
no mechanical agitation, reducing the mechanical stress on the culture, the main drawback 
being reduced accessibility to the lipids stored within the ECM (Mehta et al. 2019). 
Solvent selection is an important aspect of designing a sustainable extraction process (Frenz et 
al. 1989). Short-chain hydrocarbons like heptane and hexane, have been proven effective with 
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short contact times achieving high extraction efficiencies, but often resulting in cell death 
(Moheimani et al. 2013; Griehl et al. 2015), while other solvents such as dodecane require 
longer contact periods but are less harmful leaving the culture relatively unharmed (Sim et al. 
2001; Mehta et al. 2019). Another problem which has become apparent is the difficulty in 
accessing the ECM hydrocarbons. Due to the nature of the fibrillar sheath coating the outside 
of the colony retaining wall, solvents are unable to access to the liquid hydrocarbons within 
(Furuhashi et al. 2016). Several studies investigated pretreatment methods such as nanosecond 
pulsed electric fields (Guionet et al. 2017) and heat (Furuhashi et al. 2016) to overcome this 
solvent barrier. However, these have only recently been attempted in a non-destructive process 
and require further work before they can be applied to the extraction process. High shear 
environments have been studied in previous work (Jackson et al. 2018b) and shown promising 
results in the effective disruption of colonies for solvent extraction. This study looks at the 
effect carrying out solvent extraction with heptane and dodecane in a high shear environment 
has on extraction efficiency and culture viability during a repetitive extraction process and 
overall lipid and botryococcene productivity.  
 MATERIALS AND METHODS 
4.7.1 Culture  
Botryococcus braunii (BOT-22, B Race), originally isolated from the Okinawa prefecture, 
Japan (Ishimatsu et al. 2012), sourced from the Algae Biomass and Energy System R&D 
Centre (ABES), University of Tsukuba, Tsukuba, Japan, was used for this study. The culture 
was maintained in a modified AF6 medium, pH 6.4 (adjusted with KOH), with 2-(N-
morpholino) ethanesulfonic acid (MES, 2.05x10-3 M) buffer. Nutrient concentrations: NaNO3 
140 mg L-1, NH4NO3 22 mg L
-1, MgSO4.7H2O 30 mg L
-1, K2HPO4 10 mg L
-1, CaCl2.2H2O 10 
mg L-1, Fe-citrate 2 mg L-1, Citric acid 2 mg L-1. Trace metal concentrations: Na2EDTA.2H2O 
5 mg L-1, FeCl2.6H2O 0.98 mg L
-1, MnCl2.4H2O 0.18 mg L
-1, ZnSO4.7H2O 0.11 mg L
-1, 
CoCl2.6H2O 0.02 mg L
-1, Na2MoO4.2H2O 0.0125 mg L
-1. Vitamin concentrations: thiamine 
(B1) 0.01 mg L
-1, biotin (H) 0.002 mg L-1, cyanocobalamin (B12) 0.001 mg L
-1, pyridoxine (B6) 
0.001 mg L-1. Cultures were maintained pre-solvent extraction and during the recovery phase 
at 25°C, with light, supplied by OSRAM 18 W fluorescent lamps (77 ± 0.4 μmol photons m−2 
s−1), to one side of the culture on a 12:12 light:dark cycle. Culture density varied between 1.25 
and 2.52 g L-1 as required, with 0.5 L min-1 CO2 (1 % v/v) during light exposure periods, and 
air during dark periods, for maximum hydrocarbon production and culture agitation. Culture 
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lipid and botryococcene content pre-extraction were measured, averaging 67.2 % ± 2.9 % and 
36.3 % ± 1.2 % (% ash-free dry weight) respectively.  
4.7.2 Experiment design 
Reactor setup was identical to that described by Jackson et al. (2018b), with dimensions as 
shown in Figure 4.4. A mixing rate of 600 rpm with a culture/solvent ratio of 350 mL 
culture/150 mL solvent was used for all extractions based on results from the same study. 
Solvent extraction under four different conditions was completed with four replicates (Table 
4.3). In order to maintain a constant culture/solvent ratio (taking culture removed for sampling 
and lost to emulsion into account) each Experiment (Exp) was carried out in triplicate for the 
initial extraction, doublet for extraction two and singlet for extraction three as illustrated in 
Figure 4.5. Both culture and solvent were retained at the end of each extraction phase and used 
again in subsequent extractions.  
 
Figure 4.4  Extraction vessel set-up and dimensions (Jackson et al. 2018b). Measurements in millimetres. 
Exp 1, for example, was carried out as follows; For the initial extraction, 1050 mL of culture 
was divided into three flasks, each flask was contacted with heptane via forced agitation at 600 
rpm for four hours. Post extraction, cultures were combined into a single vessel and aerated 
(1% CO2 during daylight hours) for the required recovery period (3 days, 4.3). Once the culture 
recovery period had passed, 700 mL of culture was taken and placed in two sperate vessels for 
the 2nd solvent extraction phase. As before, the cultures were agitated with heptane (4 hours, 
Table 4.3) after which the culture was combined and recovered in a single vessel with aeration. 




which was then left to recover, under aeration, after which the final measurements were taken 
(Figure 4.5).  
The first experiment was carried out with heptane at an initial culture density of 1.62 ± 0.12 g 
L-1 and solvent contact periods of four hours for all three extractions. The initial culture density 
was increased to 2.52 ± 0.08 g L-1 following this to increase lipid productivity (per litre of 
culture). The recovery periods for the second set of extractions were extended from three to 
five days. Due to the increased extraction efficiency in consequent extractions (2 and 3) in both 
conditions tested to this point, the 2nd and 3rd extractions in the final heptane extraction set were 
reduced from four to three hours. Extraction with dodecane, a solvent with higher 
biocompatibility with B. braunii, was used as a substitute solvent in the final set of extractions 
to investigate the effect on the culture condition and extraction efficiency. Dodecane 
extractions were carried out with an initial culture density of 1.25 ± 0.03 g L-1, with a contact 
period of four hours in all three extractions and recovery periods of five days due to the slow 
recovery in FV/FM post-extraction.  
 
Figure 4.5  Repetitive extraction process. Separation of emulsion/solvent was carried out using the freeze-thaw 
method described in the experimental design. Dashed arrows – solvent/emulsion, solid arrows – culture. 
Biomass prior to solvent contact ended up in three different locations. The bulk of the biomass 
used in the extraction remained in culture and was retained for the recovery phase, a portion of 
the lipid component was extracted in heptane, and a small portion of biomass became entrained 
in an emulsion layer which was generated as a result of turbulence and the presence of heptane 
and other surfactants produced by B. braunii (Atobe et al. 2015). The emulsion/solvent was 
placed in a freezer overnight (temperature: -5 °C) and thawed out the following day, after which 
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following extraction, biomass was either discarded or exposed to the solvent for secondary 
extraction and the medium was discarded.  
Table 4.3  Repetitive extraction conditions. 
Experiment 
Initial culture 
density (g L-1) 
Solvent contact period (hours) Recovery 
period (days) Extraction 1 Extraction 2 Extraction 3 
1 1.62 ± 0.12 4 4 4 3 
2 2.52 ± 0.08 4 4 4 5 
3 1.28 ± 0.08 4 3 3 5 
4* 1.25 ± 0.03 4 4 4 5 
*Solvent used for extraction: dodecane. 
Error based on the standard error of four replicates. 
4.7.3 Statistical analysis 
The statistical analyses were carried out using Sigmaplot 14, Repeated measure One Way 
ANOVA to determine the significant difference between treatments (P < 0.05). Where p-values 
were less than 0.05 this was followed by an All Pairwise Multiple Comparison Procedure 
(Holm-Sidak Method) to confirm which conditions the difference originated from. All analyses 
passed the normality test as well as an equal variance test. Results have been reported as mean 
± standard error. 
4.7.4 Analytical techniques/Theory 
Culture density was determined via ash-free dry weight (AFDW) analysis. 2 mL of culture was 
filtered through Whatman GF/C filters. Filters were pre-ashed at 450 °C and left to cool in a 
desiccator overnight. Samples were then vacuum filtered, dried at 60 °C overnight and left in 
a desiccator for two hours prior to weighing (gross DW). The dried algal samples were placed 
in a 450 °C oven overnight and after a 2-hour cooling period, weighed for the Gross ash weight. 






𝐺𝑟𝑜𝑠𝑠 𝐷𝑊−𝐺𝑟𝑜𝑠𝑠 𝑎𝑠ℎ 𝑤𝑒𝑖𝑔ℎ𝑡
𝑆𝑎𝑚𝑝𝑙𝑒 𝑣𝑜𝑙𝑢𝑚𝑒
  (1) 
where; Gross dry weight is the dry weight of the sample and filter, Gross ash weight is the 
weight of the filter and ash content remaining after the sample has been combusted (at 450 °C 
overnight). The sample volume was 0.002 L. Total lipid content was determined using an 
altered version of the method described by Bligh and Dyer (1959). Samples were taken at the 
same time as biomass samples and once filtered, placed in the freezer (temperature: -5 °C) 
where they remained until processing. Frozen algal samples were placed in 20 mL centrifuge 
tubes and left to defrost for 30 minutes after which a teaspoon of liquid nitrogen was added to 
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each sample to assist with cell lysis. 2 mL of a solvent solution (Methanol:Chloroform:De-
ionized water, 2:1:0.8 v/v/v) was added to each sample which was then pulverized with a glass 
rod. Once pulverized an additional 3.7 mL of the solvent solution was added to each sample 
which was centrifuged using a Centurion Pro-Vet Multi centrifuge (4000 rpm, 1500 x g, 10 
minutes). The supernatant was collected in a glass tube and an additional 5.7 mL of solvent 
solution was added to the remaining pallet which was vortexed and centrifuged once more 
(4000 rpm, 1500 x g, 10 minutes). The supernatant from this was added to the previous and 
remaining pallet discarded. 3 mL of DI water was added to the supernatant which was vortexed 
after which 3 mL of chloroform was added followed by another vortex. This was then placed 
in the refrigerator overnight (8 ± 1 °C). Once settled, the top layer (methanol/water) was 
discarded, and the chloroform layer, containing the lipid content, was transferred to a pre-
weighed McCartney vial. The chloroform was then evaporated off under a constant stream of 
N2 on a heating plate set to 38 °C. Once dry, lipid-containing McCartney vials were left in a 
desiccator overnight and weighed the following morning. All total lipid samples were taken in 
triplicate. Total lipid content (w/w %) was determined using the following equation: 
𝑇𝑜𝑡𝑎𝑙 𝑙𝑖𝑝𝑖𝑑 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 =
𝐿𝑖𝑝𝑖𝑑+𝑉𝑖𝑎𝑙 𝑤𝑒𝑖𝑔ℎ𝑡−𝑉𝑖𝑎𝑙 𝑑𝑟𝑦 𝑤𝑒𝑖𝑔ℎ𝑡
𝐴𝐹𝐷𝑊
   (2) 
The condition of the culture throughout the process was gauged by the maximum potential 
quantum efficiency of photosystem II (FV/FM) and specific growth rate. FV/FM is a strong 
indicator of the ability of a photosynthetic organism to carry out photosynthesis (Baker 2008). 
This was measured using an Aqua Pen-C AP-C 100 (Photon systems instruments, Czech 
Republic). FV/FM samples were taken before and after solvent contact and daily during culture 
recovery. Prior to all measurements, samples were diluted (2 mL of culture : 10 mL of fresh 
medium) and dark-adapted for 30 minutes. Biomass growth is required to replace extracted 
lipids and biomass lost during the extraction process. This is crucial to a sustainable, repetitive 
extraction process. Specific growth rate (µ, d-1) during the recovery phase was determined 
using the density immediately post-solvent extraction and pre-solvent contact of the following 
extraction using the following equation: 
µ =
ln (𝐶𝑢𝑙𝑡𝑢𝑟𝑒 𝑑𝑒𝑛𝑠𝑖𝑡𝑦2 𝐶𝑢𝑙𝑡𝑢𝑟𝑒 𝑑𝑒𝑛𝑠𝑖𝑡𝑦1)⁄
𝑡2−𝑡1
  (3) 
where; Culture density (g L-1) is culture density as measured at time n and tn is the time at 
which the culture density n was measured (days). The main hydrocarbon produced by the race 
of B. braunii used in this work (B Race) is botryococcene (C34H58, (Metzger and Largeau 
2005)). Lipid content from total lipid analysis was dissolved in 3 mL of heptane, which was 
95 
 
vortexed and left to soak for two hours, and vortexed again. The sample was then put through 
a gas chromatography-mass spectrometer for analysis. Botryococcene content was analysed 
using methods and equipment described in previous work (Mehta et al. 2019). 
Extraction efficiency in this work was defined as the percentage of total lipid/botryococcene at 
the beginning of solvent contact in the solvent directly after solvent contact. 
𝑇𝑜𝑡𝑎𝑙 𝑙𝑖𝑝𝑖𝑑 𝑒𝑥𝑡𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 =  
𝑇𝑜𝑡𝑎𝑙 𝑙𝑖𝑝𝑖𝑑 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 𝑖𝑛 𝑠𝑜𝑙𝑣𝑒𝑛𝑡
𝑇𝑜𝑡𝑎𝑙 𝑙𝑖𝑝𝑖𝑑 𝑐𝑜𝑛𝑡𝑒𝑛𝑡𝐼𝑛𝑖𝑡𝑖𝑎𝑙
   (4) 
𝐵𝑜𝑡𝑟𝑜𝑦𝑜𝑐𝑐𝑒𝑛𝑒 𝑒𝑥𝑡𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 =  
𝐵𝑜𝑡𝑟𝑦𝑜𝑐𝑜𝑐𝑐𝑒𝑛𝑒 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 𝑖𝑛 𝑠𝑜𝑙𝑣𝑒𝑛𝑡
𝐵𝑜𝑡𝑟𝑦𝑜𝑐𝑜𝑐𝑐𝑒𝑛𝑒 𝑐𝑜𝑛𝑡𝑒𝑛𝑡𝐼𝑛𝑖𝑡𝑖𝑎𝑙
  (5) 
where; the initial Total lipid and Botryococcene content (g) is the content measured in the 
culture biomass pre-solvent contact and the Total lipid and Botryococcene content in solvent 
(g) is the extracted content measured in heptane/dodecane post-extraction. 
 RESULTS 
4.8.1 Total Lipid Extraction Efficiency   
Under the first set of extraction conditions tested (Exp 1, Table 4.3), the total lipid extraction 
efficiency (Figure 4.6A) in the initial extraction was 11.3 ± 1.1 %. This was significantly lower 
than that of the 2nd extraction (One-way Anova RM: F(2,4) = 5.85, p < 0.05), which resulted 
in a total lipid extraction efficiency of 33.5 ± 5.4 % followed by the final extraction with an 
extraction efficiency of 26.8 ± 6.4 %. These results clearly indicate reduced access to ECM 
contents in the initial extraction. Any lipid content extracted was replaced during the recovery 
period reaching a final value of 0.88 ± 0.01 g L-1 (Figure 4.6B) maintaining a sustainable 
extraction regime. It was noticed that the botryococcene content of the culture decreased with 
consecutive extractions dropping from an initial value of 36.5 ± 2.8 % to a final value at the 
end of the third recovery phase of 22.5 ± 0.9 % (%DW).  
The second experiment was carried out with an increased initial culture density of 2.52 ± 0.08 
g L-1. At this density, an extra two days were given for the culture to recover. There was no 
significant difference between the extraction efficiency achieved in the initial extractions with 
heptane (One-way Anova RM: (F(2,4) = 4.56, p > 0.05). Extraction efficiency in the second 
extraction of Exp 2 was significantly higher than that of Exp 1 (One-way Anova RM: (F(2,4) 
= 11.96, p < 0.05), however, the culture was unable to recover extracted lipids post-extraction 
resulting in a final total lipid content in culture of 0.4 ± 0.004 g L-1 (Figure 4.6B). It was also 
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noticed that the botryococcene content in the culture had dropped to a final value of 14.9 ± 4.1 
%, likely a result of the release of ECM contents with culture collapse.  
Reducing the culture density further to 1.28 ± 0.11 g L-1 (Exp 3, Table 4.3) resulted in an initial 
extraction efficiency of 6.4 ± 0.5 %, comparing the initial culture densities of the first 
extractions with extraction efficiencies did not result in a correlation between the two ( 
R2=0.034). With a solvent contact time of three hours (reduced from 4), the lipid extraction 
efficiencies achieved in the 2nd and 3rd extractions were 9.2 ± 3.1 % and 5 ± 1.4 % 
(respectively). Extraction efficiency at a shorter solvent contact time of three hours was 
significantly reduced  (One-way Anova RM: F(2,4) = 11.96, p < 0.05) indicating a large portion 
of the solvent extraction is occurring in the final hour of solvent contact (Figure 4.6A). Carrying 
out the same analysis on extraction three resulted in a one-way ANOVA RM p-value of 0.042, 
however, the Holm-Sidak test did not show any significant differences with the lowest p-value 
of 0.073 found between Exp 2 and 3. The mean extraction efficiencies of the two were 31.5 ± 
11.7 % and 5.5 ± 1.4 % which suggests a significant difference may present itself with more 
data, however, this cannot be confirmed with the available data. Due to an increase in biomass 
content, the lipid content of the culture increased over the duration of Exp 3 reaching a final 














Figure 4.6 Total lipid distribution post-extraction (A) and total lipid in culture pre and post-extraction (B). A, B 
and C refer to 1st, 2nd and 3rd extractions respectively. Total lipid distribution post-extraction was not determined 
in Exp 4. Error – SE, n = 4. 
4.8.2 Culture condition – Biomass and quantum yield 
There was a wide variation in culture condition during repetitive milking with heptane. 
Reduction in biomass during the initial extraction phase was relatively consistent regardless of 
initial culture density at around 17 – 21 % (One-way Anova RM: F(2,4) = 0.319, p > 0.05). 
The specific growth rate and FV/FM were used as a measure of the cultures state. Under the first 
set of extraction conditions (Exp 1, Table 4.3) both FV/FM and culture density were maintained 
throughout the process with final values respectively of 0.66 ± 0.03  (Figure 4.7C) and 1.45 ± 
0.2 g L-1 (Figure 4.8A). Of the biomass lost, 39.6 %, 59.7 % and 57.5 % (extraction 1, 2, and 
3 respectively) was lipid content extracted by heptane with the remainder being biomass 
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Figure 4.7 Maximum potential quantum efficiency of Photosystem II (FV/FM) during the 1st (A), 2nd (B) and 3rd 
(C) recovery phases. Error – SE, n = 4. 
Increasing the initial density to 2.52 ± 0.08 g L-1 resulted in a similar FV/FM post-extraction to 
that of extraction 1, Exp 1 and 3 (One-way Anova: F(2,4) = 0.023, p > 0.05). 24 hours later, 
however, FV/FM had dropped further to 0.18 ± 0.08 (Figure 4.7A). This resulted in a much 
slower recovery, with FV/FM reaching 0.54 ± 0.07, three days post-extraction. An extra two 
days was given for the culture to reach an FV/FM value of 0.65 ± 0.03. A similar trend was seen 
in the second extraction reaching 0.64 ± 0.04 after five days of recovery. Culture density prior 
to the third extraction was 0.97 ± 0.04 g L-1, which resulted in a reduction in FV/FM to 0.36 ± 
0.04 directly after extraction three and 0.37 ± 0.05, 24 hours later. Unfortunately, culture 
recovery was still hindered by damage caused in the first and second solvent extraction 
resulting in FV/FM values of 0.54 ± 0.07 and 0.61 ± 0.04, three and five days post-extraction 
(Figure 4.7B). Biomass yield was unsustainable in Exp 2, dropping to 0.59 ± 0.04 g L-1 at the 
end of the third recovery phase (Figure 4.8A). A reduction in biomass of 40.7 % seen in the 2nd 
extraction, with the majority being lipid extracted in heptane (Figure 4.8B). In the recovery 
period following this extraction, there was no observed growth in biomass indicating the 







































(44.7 % reduction in culture biomass), however, the majority of biomass lost was entrained in 
emulsion (Figure 4.8B), which could be explained by the loss of intercellular hydrocarbons 
with emulsifying properties resulting in increased emulsification. 
 
 
Figure 4.8 Culture density pre and post solvent contact and at the end of the final recovery phase (A) and 
biomass distribution post solvent extraction (B). Total biomass distribution post-extraction was not determined 
in Exp 4. Error – SE, n = 4. 
Reducing the solvent contact time in the 2nd solvent extraction (Exp 3), resulted in no 
significant difference in FV/FM values at the end of each recovery phase when compared Exp 2 
(Figure 4.6B). Culture density, however, continued to increase with positive growth in all three 
recovery phases resulting in a final density of 1.82 ± 0.02 g L-1 (Figure 4.8A).  
In the majority of extractions biomass productivity in the recovery period was strongly 
dependant on both the culture condition and culture density pre-extraction, with high densities 
and low FV/FM resulting in low growth rates. Exp 3 had the highest average specific growth 
rate in the first recovery phase (0.055 ± 0.022 d-1) with the lowest starting density followed by 
Exp 1 (0.015 ± 0.011 d-1) and 2 (-0.045 ± 0.011 d-1). A similar trend is seen in the second 
extraction phase with average specific growth rates of 0.073 ± 0.018, -0.023 ± 0.014 and 0.020 
± 0.008 d-1 in Exp 1, 2 and 3 respectively. Growth in the final recovery phase was highest in 
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0.017 d-1. The final recovery phase in Exp 2 was much lower than expected with an average 
specific growth rate of 0.001 ± 0.016 d-1. This culture was in poor condition from damage 
inflicted in extractions 1 and 2, which can be seen in the significant amount of biomass lost to 
the emulsion in the final extraction phase (29.4 %, Figure 4.8B).  
4.8.3 Botryococcene and total lipid productivity 
Botryococcene productivity in this work is defined as the botryococcene extracted by heptane 
per litre of culture per day. Average botryococcene productivity and purities of 29.9 ± 8.5, 42.8 
± 1.1. and 9.5 ± 2.2 mg L-1 d-1, and 42 ± 0.9, 83.4 ± 6.6, and 62.7 ± 5.7 % were achieved over 
the duration of this study in Exp 1, 2 and 3 respectively (Table 4.4). Average total lipid 
productivities under the extraction conditions of Exp 1, 2 and 3 were; 71.3 ± 20.3, 51.4 ± 1.3, 
and 14.5 ± 3.3 mg L-1 d-1 respectively.  Exp 2 was unable to produce any botryococcene during 
the second recovery phase and very little in the third due to the low biomass yield at the 
beginning of the recovery phase (0.58 ± 0.02 g L-1). The majority of the botryococcene content 
produced in extraction three remained in the culture due to poor extraction.  




extracted (mg L-1) 
Average 
productivity** 
(mg L-1 d-1) 
Botryococcene 
extracted (mg g-1) 
Average 
productivity** 
(mg g-1 d-1) 
Lipid extract 
botryococcene 
purity (% DW) 1st 2nd  3rd  1st 2nd  3rd  
1 34.0 125.7 102.7 29.9 ± 8.5 19.4 82.3 74.7 19.4 ± 4.6 42.0 % 
2 104.0 414.9 123.4 42.8 ± 1.1 43.7 255.0 129.7 28.6 ± 1.1 83.4 % 
3 37.3 44.0 32.0 9.5 ± 2.2 32.5 43.4 28.7 7.0 ± 1.6 65.9 % 
*Refer to Table 4.3 for extraction conditions. 
**Botryococcene productivity defined as: Botryococcene extracted by the solvent. 
Error based on the standard error of four replicates  
4.8.4 Dodecane extraction 
Heptane extraction was not sustainable for high culture densities, dodecane was tested as a 
possible alternate solvent with high biocompatibility for reduced risk of culture collapse. Three, 
four-hour contacts with five days of recovery between extraction were carried out with 
dodecane. FV/FM ranged from 0.65 to 0.74 for the duration of Exp 4 (Figure 4.7). Average 
specific growth rates in the 1st, 2nd and 3rd recovery periods were 0.068 ± 0.007, 0.042 ± 0.009, 
and 0.069 ± 0.016 d-1 respectively. There was very little biomass lost to emulsion and lipid 
content was retained by the culture. Biomass content increased during solvent extraction, which 
is likely to be due to increased growth from improved nutrient availability. Specific growth 
rates during solvent contact in extractions 1, 2 and 3 were 0.11, 0.12 and 0.15 d-1 respectively. 
This combined with the growth rates during recovery periods resulted in the culture reaching a 
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final density of 3.67 ± 0.28 g L-1, almost twice that of the maximum achieved with heptane 
extractions (Figure 4.8A). 
Botryococcene extraction efficiency with dodecane was 0.8 ± 0.2, 0.9 ± 0.3 and 2.5 ± 0.6 % in 
extractions 1 2 and 3 respectively. Average botryococcene productivity, as a result, was 0.77 ± 
0.15, 1.21 ± 0.33, and 4.06 ± 1.12 mg L-1 d-1 (0.62 ± 0.12, 0.61 ± 0.15 and 1.71 ± 0.52 mg g-1 
d-1) in extractions 1, 2 and 3 respectively. While sustainable from a culture perspective, the 
extraction efficiency was too low, under these conditions. The culture either requires pre-
treatment, increased shear rates, or an extended solvent extraction duration. Total lipid and 
botryococcene content dropped slightly during repetitive extraction with dodecane, reaching 
58 ± 1.9 % and 33 ± 2.4 %. 
 DISCUSSION 
Due to the fibrillar sheath coating colony retaining walls, total lipid extraction efficiency in the 
initial solvent extraction under all conditions was lower than expected. Furuhashi et al. (2016) 
found a significant increase in extraction efficiency with thermal and brackish water pre-
treatments which were found to either decrease the length of the amphiphilic fibrils coating the 
retaining wall or dissolved them all together. It has also been shown that mechanical pre-
treatment can have a similar effect increasing the hydrocarbon extraction efficiency of un-
filtered B. braunii biomass from 10 % to 60 – 80 % (Tsutsumi et al. 2018). There was no such 
pre-treatment step in the present study. Extraction under similar conditions (350 mL culture, 
150 mL heptane, 500 rpm, two hours contact), has previously shown that the shear rates 
generated in the present work are enough to break up large clusters of colonies, but not quite 
enough to break up the smaller colonies (Jackson et al. 2018b). Therefore, it is reasonable to 
assume increasing the mixing rate to 600 rpm for four hours should release a larger portion of 
single and double cells from these colonies. These smaller colonies are then able to revert to 
an exponential phase of growth in which the retaining wall has been suggested to be weaker 
(Hou et al. 2014) and easier to disrupt. This may have been the cause of the significant increase 
in the extraction efficiencies achieved in subsequent extractions.  
Amphiphilic biopolymers produced by B. braunii have been found to create emulsions with 
water and non-polar solvents (Atobe et al. 2015). The reuse of heptane and culture in all 
extractions may have resulted in an accumulation of these compounds. Due to high cell 
mortality in extractions 1 and 2, emulsification in extraction 3 with an initial culture density of 
2.52 ± 0.08 g L-1 was worse than that at an initial density of 1.62 ± 0.12 g L-1 This resulted in 
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a large portion of the culture biomass becoming entrained in the emulsion layer, 34.1 % of 
which was determined to be lipid content. Preliminary tests on the extractability of the emulsion 
biomass produced in the final extraction of Exp 1 were found to recover 41.9 ± 5.2 % of the 
lipids lost to the emulsion, which, if added to the lipid content extracted by heptane in the 
extraction phase would correspond to an overall total lipid extraction efficiency of 37.1 %. 
Total lipid content (% DW) in culture was able to recover in Exp 1 and 2, showing B. braunii 
to be able to replace lipids in a short period of time. Culture growth in all three recovery phases 
of Exp 2, however, was negative which resulted in little to no increase in overall lipid content.  
FV/FM represents the maximum potential quantum efficiency of Photosystem II if all capable 
reaction centers were open and can be used to test whether or not algal stress affects 
photosystem II. While there was no direct correlation between the culture density and FV/FM at 
the end of the extraction period, it was noticed that in the first 24 hours post-extraction, the 
FV/FM in the cultures with a higher culture density continued to decrease. Hydrodynamic shear 
coupled with solvent toxicity has been shown to be enough to break up colonies and place cells 
under a limited amount of stress without killing them (Jackson et al. 2018b). However, single 
B. braunii (B Race) cells have been found to die within six days of complete colony disruption 
at densities below 1 x 106 cells mL-1 (Hou et al. 2014). A portion of the single cells post-solvent 
extraction may have died one or two days after extraction which would explain the reduction 
in FV/FM seen during the first day of the recovery phase. In the 3
rd extraction phase of Exp 3, 
FV/FM took longer to recover. This could have been due to the higher culture density when 
compared to the other heptane experiments (Exp 1 and 2). Furthermore, in many of the 
extractions, it is likely the culture density measurements included cells which were living at 
the time, but died and ruptured releasing intercellular content post solvent extraction, 
(especially in Exp 2, extractions 1 and 2) releasing nutrients and reducing the shading effect on 
surviving colonies.  
Extraction efficiency with dodecane was much lower than that of heptane. Botryococcus 
braunii colonies were either not disrupted during the solvent extraction phase or those colonies 
which were disrupted were able to continue to grow post-extraction. Not only were the colonies 
unharmed, but an increase in culture density was observed over the duration of the extraction.  
At a mixing rate of 600 rpm, from previous work, the system shear rate is 415 s-1 (0.35 Pa, 
(Jackson et al. 2018b)). Leupold et al. (2012) found 0.45 Pa to be optimal for the cultivation of 
Chlorella vulgaris observing a 21 % increase in growth rate. The specific growth rate of B. 
braunii during contact with dodecane was more than twice that of the recovery period. 
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Botryococcus braunii is unique in that it grows in colonies held together by a retaining wall. 
The section of this wall not in contact with cells folds in on itself penetrating the hydrocarbon 
interior to split a mother colony into two daughter colonies (Weiss et al. 2012). It’s possible 
the presence of a shearing force could help facilitate the final stage of this process, increasing 
the rate at which colonies can divide. The generation of smaller colonies will also increase the 
surface area of the cell wall in contact with the retaining wall and increase the rate of nutrient 
uptake. A similar trend is seen in the heptane extractions which is somewhat masked by the 
death of cells in the first 24 hours of recovery. Exp 3, recovery phase 3, for example, had a 
specific growth rate of 0.068 ± 0.017 d-1, which is relatively high even for a healthy B. braunii 
culture (Yoshimura et al. 2013).  
Operating heptane extraction at a lower initial density with a reduced recovery period proved 
to be beneficial in terms of botryococcene and total lipid productivity. However, while lipid 
content was sustained throughout repetitive extraction, there was a noticeable drop in 
botryococcene content. It was hypothesized that increasing the recovery period to five days 
might give the culture more time to synthesize botryococcene, this could not be confirmed as 
the increased culture density resulted in culture collapse. Reducing the solvent contact period 
to three hours in the 2nd and 3rd extractions showed, while the colonies were more susceptible 
to solvent extraction, they still required pre-treatment to ensure heptane contact with ECM 
contents. Colonies seemed to be disrupted in the first three hours of contact, with the majority 
of extracted botryococcene extracted in the final hour of contact (approximately 60 %). 
Subjecting B. braunii to high shear pre-extraction could potentially reduce the required solvent 
contact time which would significantly reduce operating costs.  
Extracting the lipid content from the biomass lost to the emulsion resulted in an increase in the 
overall extraction efficiency and productivity of the extraction process. A further 29 mg of lipid 
containing approximately 14.2 mg of botryococcene (based on the botryococcene content of 
the lipid content already extracted – 42.0 %) was extracted from the emulsion generated in the 
3rd extraction phase of Exp 1. This resulted in an increase in botryococcene productivity for 
that extraction period to 48.1 mg L-1 d-1 (33.6 mg g-1 d-1). The botryococcene productivities 
achieved in the present study were in agreement with other forms of non-destructive milking 
studies. Griehl et al. (2015), for example, achieved a total lipid productivity of 2.2 mg-1 g-1 d-1 
passing B. braunii (SAG 807/1, A Race) through a column of hexane. This form of contact 
requires much less energy, however, it proved to be highly toxic to the culture and as a result, 
of the three strains tested, SAG 807/1 was the only one to survive. Another study on B. braunii 
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(BOT22, B Race) was carried out by Moheimani et al. (2014), in which, total lipid and 
botryococcene productivities respectively of 24.1 and 14.4 and mg L-1 d-1 were achieved. An 
alternate extraction process which has recently been considered is membrane filtration. 
Botryococcus braunii has been shown to secrete lipids when placed under pressure (Moheimani 
et al. 2013), membrane filtration is a solvent-free extraction process which has yet to be tested 
on B. braunii B Race. With A Race, this method achieved a total lipid productivity of 0.36 g 
m-2 d-1 (approximately 15.5 mg g-1 d-1) which corresponds to an extraction efficiency of 12 % 
(García-Cubero et al. 2018). The strain used had a total lipid content of approximately 12.6 %, 
if this was carried out with B Race, the lipid productivity is expected to be higher. This 
extraction, however, was carried out on a culture which was continuously grown during the 
day (fresh medium with constant harvest/dilution rate of 0.25 d-1) with extraction occurring at 
night. In addition to this, only half of the culture was harvested, with fresh medium added to 
replace the permeate post extraction. This process would need a large volume of medium with 
high nutrient and water requirements. Another issue with membrane filtration is the fouling of 
the membrane with biomass, this would need to be cleaned between every extraction. It would 
be interesting to see the effectiveness of membrane filtration applied to a repetitive extraction 
process without harvesting and the addition of fresh medium between extractions.  
 CONCLUSIONS/RECOMMENDATIONS 
Optimal conditions using this extraction method were with a culture density of 1.62 ± 0.12 g 
L-1, solvent contact period of four hours and a recovery period of three days. Lipid content was 
maintained for the duration of this extraction with a gradual reduction in botryococcene 
content. The main purpose of this study was not to prove this particular extraction method 
effective but to observe the response of B. braunii when exposed to a known amount of solvent 
and shear in a repetitive manner. In light of this, the repetitive extraction of hydrocarbons from 
B. braunii is a process which still requires much work. From this study, we can see B. braunii 
colonies require pre-treatment prior to solvent contact for effective extraction with heptane. 
The fibrillar sheath coating the wall retaining liquid hydrocarbons within the colonies ECM is 
resistant to solvent extraction and must first be compromised for effective extraction. While 
botryococcene extraction with dodecane was poor using this extraction method, using one 
which involves both a dewatering step and some form of mechanical pre-treatment pre-
extraction may yield better results. At this stage, heptane proves to be the better solvent for 
extraction with significantly higher extraction efficiencies and productivities. The breaking 
down of this protective sheath seems to be more effective in the presence of a solvent, which 
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eludes to the need for the inclusion of a solvent in the pre-treatment step. Following pre-
treatment, a high contact, low shear method of solvent extraction, similar to that carried out by 
Griehl et al. (2015) is recommended.  
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Chapter 5: DODECANE, COLUMN SOLVENT EXTRACTION. A 
LOW TOXICITY, LOW SHEAR ALTERNATIVE 
FOREWORD 
Column solvent extraction is an alternative low shear solvent extraction method which has been 
attempted with hexane showing high culture mortality. The late addition of column extraction 
was made to compare the efficiency of high shear solvent extraction to that of a low shear 
method for the potential of increased culture densities. Due to the loss of culture with short 
contact periods using hexane in the literature, dodecane was used as a low toxicity alternative. 
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 In-situ extraction of microalgal oil without cell destruction has been proposed as a cost-
effective alternative solution for the production of algal biofuel. This study examines the 
viability and efficiency of dodecane in both column and shake flask systems for the continuous 
extraction of botryococcene from Botryococcus braunii (BOT-22). Botryococcene from B. 
braunii was found to be non-destructively extracted using dodecane without negatively 
affecting the growth and photophysiology of the microalgae. Recirculation of the culture (23 
times per day) through a column system containing dodecane with a daily effective extraction 
time of 276 s resulted in 21% higher botryococcene extraction (25.1 mg g-1 biomass) when 
compared to a constantly stirred shake flask consisting of both algae culture and dodecane 
together in a vessel. Botryococcene extraction was highest in the first 24h of extraction when 
compared to the rest of the extraction period. These results suggest that recirculation of B. 
braunii culture through a column system containing dodecane is efficient for the non-
destructive extraction of botryococcene and less toxic compared to other previously tested 
solvents. 
 INTRODUCTION 
Microalgae have received immense attention as a sustainable feedstock for the production of 
biofuels [1, 2]. The current method for commercial-scale production of biodiesel from 
microalgae has great potential value for industrial applications as an alternative to fossil-based 
fuels. However, due to a number of technical challenges and cost limitations, the production of 
biodiesel from algal feedstock is currently not economically feasible at commercial-scale [3]. 
High production cost coupled together with the high energy demands of downstream 
processing of algal biomass (harvesting, dewatering, drying) are major challenges that need to 
be addressed first for commercial viability [4, 5]. One of the alternative approaches that are 
currently gaining interest for the reduction of these costs is the in-situ, non-destructive 
extraction (milking), which extracts the extracellular lipophilic substances of algae cells into a 
solvent without sacrificing the cells [6]. Through this proposed system, the potential integration 
of the growth, harvesting and extraction processes into one system while removing the need 
for dewatering and drying procedure would allow for the substantial reduction in the production 
cost of algal oil.  
Botryococcus braunii is considered one of the most promising microalgal species for biofuel 
production due to its high lipid content and ability to store large quantities of hydrocarbons in 
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an extracellular matrix [7, 8]. Botryococcus braunii (B Race) produces triterpenoid 
hydrocarbons known as botryococcenes (C30-37), which can be used as a feedstock for 
hydrocracking processes in oil refineries for the production of high octane rating conventional 
combustion engine fuels [6, 9]. The hydrocarbon content of B. braunii is highest during its 
exponential growth phase with low biomass productivity due to its unique CO2 utilization 
pattern [10]. However, for large-scale cultivation, low biomass productivity of the culture is 
not feasible [3]. Therefore, in such cases, the concept of milking or the in-situ extraction of 
lipid without cell sacrifice represents an attractive option compared to current convention 
methods. As suggested by some previous studies, rather than the cultivation of new algae cells 
after an extraction, the same cells can be re-used for further lipid production under heavily 
reduced nutrient amendment or other specific conditions either through a periodic or 
continuous process [6, 7, 10].   
The milking of lipids from different strains of B. braunii has been extensively studied by 
several researchers where they have repeatedly extracted hydrocarbons from the same culture 
using organic solvents without harvesting and dewatering [2, 7, 10-14]. They showed that 
direct contact between the cell colonies and the solvent is required to improve the extraction 
efficiency. Moheimani et al. [2] demonstrated that the cells of B. braunii could be repeatedly 
milked with heptane at 5-day intervals for up to 70 days in batch cultivation. Subsequently, 
Griehl et al. [10] attempted to demonstrate the continuous non-destructive extraction of the 
extracellular botryococcene from B. braunii SAG 807/1 for up to six weeks. However, only 
one Botryococcus strain tested was resistant to n-hexane treatment at a very short contact time 
(12 seconds per day). The growth rate of B. braunii SAG 807/1 dropped greatly when the 
contact time of the culture with the solvent was increased, showing n-hexane has good 
accessibility to the cell surface but also results in rapid loss of cell viability [10].  
The aim of this study was to develop a cost-effective continuous system with minimum recover 
time of cells for the simultaneous cultivation and continuous extraction of extracellular 
botryococcene from B. braunii without cell sacrifice. To the best of our knowledge, this study 
is among the very few that have attempted to develop and evaluate an innovative continuous 
cultivation system for the production of B. braunii and the simultaneous extraction of 
botryococcene from it. In previous studies, similar milking evaluation had been reported for 
the continuous extraction of hydrocarbons using n-hexane as the choice of solvent [10]. n-
Hexane and heptane despite being cost favourable than dodecane have been reported to be 
severely toxic to B. braunii and are highly volatile and flammable solvents [6, 15]. The present 
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study evaluates the use of dodecane and concludes that dodecane is a feasible and much more 
biocompatible solvent for milking lipids from B. braunii. Dodecane with a partition coefficient, 
log Poct = 6.6, has been reported to be a non-flammable, non-volatile and more biocompatible 
solvent for the milking process when compared to n-hexane (log Poct = 3.5) and heptane (log 
Poct = 4) [15]. Therefore, the present study adopted an innovative approach of using dodecane 
to extract hydrocarbons (botryococcene) without cell sacrifice. We developed a continuous 
single system in which the cultivation of B. braunii and the extraction of botryococcene was 
established together. As part of this system, B. braunii cells grown externally were recycled 
through the same selected solvent multiple times without any further addition of nutrients or 
solvent and with minimum recovery time (12 hours). The rationale behind this was to evaluate 
the recovery and productivity of botryococcene in such conditions (low recovery time) using 
the non-toxic extraction solvent of dodecane. The effect of continuous recycling of cells 
through a column of dodecane was evaluated based on the botryococcene extractability and the 
cell viability of cultures.  
 MATERIALS AND METHODS 
5.2.1 Algal strain and culture conditions 
The botryococcene producing strain of B. braunii (BOT-22, B Race) used in this study was 
originally isolated from the Okinawa prefecture, Japan [16] and was sourced from the Algae 
Biomass and Energy System R&D Centre (ABES), University of Tsukuba, Tsukuba, Japan. 
Botryococcus braunii was cultivated and maintained in modified AF6 medium [16]. 10-L 
inoculum culture was cultivated in a polycarbonate carboy (Nalgene, Thermo Fisher Scientific 
Inc., Waltham, MA, USA) under the illumination of cool white light emitting diodes (LEDs) 
with a photosynthetic active irradiance of 322 ± 0.4 μmol photons m−2 s−1 and 12 h:12 h light: 
dark cycle. Cultures were grown at a temperature of 25 ± 2 °C and subjected to continuous 
aeration at a gas flow rate of 0.3 L min-1 (1 % CO2 v/v).  The initial quantum efficiency (FV/FM), 
biomass yield, total oil content, and botryococcene content of the inoculum cultures were 0.75 
± 0.02, 1.4 – 1.7 ± 0.4 g ash-free dry weight (AFDW) L-1, 70 ± 2 % (total AFDW), and 50 ± 3 
% (total lipid), respectively. 
5.2.2 Cultivation and in-situ extraction system 
The first two continuous solvent extractions designs (7-cycles and 23-cycles per day) were 
carried out in a vertical column with an inside diameter of 2.5 cm and a solvent height of 115 
cm. When the culture was not in contact with dodecane, it was redirected into a 500 mL Schott 
115 
 
bottle with continuous aeration (0.3 L min-1), containing 1% CO2 during the day and 
compressed air at night, with a light intensity of 322 ± 0.4 μmol photons m−2 s−1 using cool 
white LED’s with 12h light: 12h dark photoperiod. The culture was fed into the column via 
gravity for the 7-cycles a day extraction with recovery vessels placed below to collect the 
extracted culture that had passed through the solvent in the column (Figure 5.1A). Peristaltic 
pumps were used to feed the culture back to the top of the column in the 23-cycles runs a day 
where it would pass through the dodecane before returning from the bottom of the column to 
the growth vessel (Figure 5.1B). Cultures were only recirculated through the column containing 
dodecane during the light illumination period (12 h) while they were allowed to recover in the 
cultivation vessel during the dark period (12 h). Another setup consisting of 350 mL of algae 
culture and 150 mL of solvent were mixed together in 1 L conical flasks placed on an orbital 
shaker for the third experimental design. These cultures were also supplied with 0.3 L min-1 
CO2 (1%) during the day and compressed air at night on a 12h: 12h light:dark cycle, and similar 
light conditions (322 ± 0.4 μmol photons m-2 s-1). 
 
Figure 5.1 Extraction column setup; 7-cycles per day (A), 23-cycles per day (B). 
5.2.3 Non-destructive, in-situ extraction experiment 
Two series of experiments for continuous in-situ extraction of lipids using the customized 
column were performed. The first experiment recirculated 500 mL of culture seven times a day 
(culture contact time = 84 s d-1) through a column filled with dodecane for seven days. The 
second experiment was designed and carried out based on the outcome of the first study. We 
investigated the effect of increasing the recirculation cycles of the 500 mL culture to 23-cycles 
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a day (culture contact time = 276 s d-1) on the botryococcene extractability efficiency and cell 
viability for a period of seven days. 
A third experimental setup was carried out in a 1-L Erlenmeyer flask subjected to continuous 
shaking (designated Shake flask) to assess the viability of algal cells for botryococcene milking 
under continuous solvent contact. In this experiment, 350 mL of algal culture was continuously 
mixed with 150 mL of dodecane using an orbital shaker at 200 rpm for seven days under cool 
white LED light (318 ± 0.4 μmol photons m−2 s−1) with 12h: 12h light:dark photoperiod at a 
temperature of 25 ± 2 °C and continuous aeration at a gas flow rate of  0.3 L min-1 (1% CO2 
v/v). The solvent phase and algal suspension were sampled daily. Lipid content, biomass yield, 
and botryococcene contents were measured before and after extraction. Two sets of controlled 
flasks without solvents were also incubated under the same cultivation conditions. Both the 
controls that were part of the 7- and 23-cycles per day experiments had the same initial biomass 
concentration of 0.68 g L-1. 
5.2.4 Biomass quantification 
The ash-free dry weight of the culture biomass (AFDW) was determined using the methods 
previously described in Moheimani et al. [7]. The algal suspension (3 mL) was filtered in pre-
combusted, pre-weighed Whatman GF/C filters. After filtration, the filters were dried at 90 °C 
overnight and cooled for 30 mins in a desiccator before weighing. The weighed filters 
containing algal samples were then combusted at 450 °C and re-weighed for measurement of 
the organic biomass (AFDW) yield. 
5.2.5 Lipid and botryococcene quantification 
Total lipid content was measured gravimetrically using the modified method of Bligh and Dyer 
[17] as described in Moheimani et al. [7]. Filter paper containing biomass was crushed with 
liquid N2. The lysed mixture was re-suspended in 5.7 mL of a 2:1:0.8 mixture of 
Methanol:Chloroform:Deionised water. The mixture was then vortexed and centrifuged. After 
centrifugation, the supernatant was collected in a separate tube (repeated twice per sample). 3 
mL of chloroform and 3 mL of deionised water were added to the supernatant. The mixture 
was then vortexed vigorously and left overnight for phase separation. The bottom chloroform-
lipid phase was transferred carefully into a pre-weighed glass vial. The extract was dried on a 
hot plate (38 °C) under nitrogen gas and weighed. 
Botryococcene content was analysed using a gas chromatography-mass spectrometer (GCMS-
QP2010S, Shimadzu, Japan) equipped with an SGE brand BPX5 column (30 m length, 25 mm 
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I.D, 0.25 µm film thickness). The mass analyser was equipped with a quadrupole detector, ion 
and interface temperatures set to 260 °C, set to a range of 45– 1000 m/z and, start and end times 
of 1.5 and 35 mins, respectively. The dried lipid samples were re-dissolved in 3 mL dodecane 
and transferred in a 1.5 mL screw top glass vial for analysis. For the determination of 
hydrocarbons, botryococcene (C34H58, provided by M. Watanabe at the University of Tsukuba, 
Tokyo) was used as the standard. One microlitre of the lipid sample was injected at an injector 
temperature of 250 °C. The oven temperature was increased from 130 °C to 270 °C with a 
ramping rate of 20 °C min-1 and to 300 °C at a rate of 2 °C min-1 and then held for 8 minutes. 
Helium was used as the carrier gas at a flow rate of 0.96 mL min−1. 
5.2.6 Cell viability by photosynthetic measurement 
The maximum photochemical efficiency (FV/FM) of photosystem II was measured according 
to the method described by Moheimani et al. [2] using an AquaPen-C AP-C 100 (Photon 
systems instruments, Czech Republic). This was used as a measure of the culture’s 
photosynthetic efficiency [18]. The diluted algal samples were dark-adapted for 20 min prior 
to measurement. 
5.2.7 Effective extraction time and solvent-culture interface surface area 
Effective extraction time was calculated using Equations 1 (Stokes’ law) and 2.  The radius of 
the culture droplets passing through the column was measured photographically and 











  (2) 
In order to compare the shake flask to the column, an alternative measure of solvent contact 
was required. Solvent-culture interfacial area per litre of culture in the column was measured 
using the following set of equations:  
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3  (8) 
Aeration in the shake flask resulted in the formation of droplets and generated a spouting effect 
with the culture rising up through the dodecane and falling back down in droplets as depicted 
in Figure 5.2. As a result, four terms were required for the solvent/culture interface; As,1, As,2, 
As,3 and Ap,s. 
𝐴𝑖,𝑠 = 𝐴𝑠,1 + 𝐴𝑠,2 + 𝐴𝑠,3 + 𝐴𝑝,𝑠   (9) 
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𝐴𝑠,2 = 𝜋𝐷2ℎ1  (11) 
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) ℎ2  (12) 





𝑛𝑝,𝑠  (13) 
𝐼𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒 𝑎𝑟𝑒𝑎 𝑝𝑒𝑟 𝑙𝑖𝑡𝑟𝑒 𝑜𝑓 𝑐𝑢𝑙𝑡𝑢𝑟𝑒 =
𝐴𝑖
𝑉
   (14) 
 
Figure 5.2  Shake flask interface area dimensions. 
The effective solvent/culture interface for extraction per litre of volume for each extraction 
configuration can be seen in Table 5.1.  
Table 5.1 Solvent-culture interface area in different experimental systems. 
Condition Solvent-Culture interface (cm2 per litre of culture) 
Shake flask 508 
23-cycles d-1 204 




5.2.8 Statistical Analysis 
Different growth parameters, such as biomass production, lipid production and extraction 
efficiency of solvent, were statistically analysed using a one-way ANOVA and Tukey's HSD 
post hoc tests with SigmaPlot 12.0 to determine significant differences under treatments. Each 
experiment was performed in triplicate. Values are expressed as mean ± SE. 
 RESULTS AND DISCUSSION 
5.3.1 Cell viability 
Cell viability was evaluated to determine the potential toxicity effect of dodecane on B. braunii 
in both columns (7-cycles d-1 and 23-cycles d-1 recirculation rates) and shake flask solvent 
extraction methods over seven days (Figure 5.3). The results indicated that dodecane did not 
negatively affect the FV/FM of cells in any of the extraction systems tested. The FV/FM ranged 
between 0.77 and 0.74 in all treatments throughout the 7-day period. FV/FM was only marginally 
lower in the culture exposed to 23-cycles d-1 when compared to the control on the 7th day 
(Figure 5.3C). The maximum quantum yield of PSII photochemistry (Fv/Fm) is regularly used 
as an immediate indicator of the physiological condition of microalgae [2, 7]. This outcome 
reaffirms that dodecane is biocompatible with B. braunii and cells could withstand prolonged 
exposure to the solvent, indicating that cellular viability was unaffected by the milking process 
in all treatments. Our results are in corroboration with previous studies, which reported that 
dodecane possessing log Poct values > 5 did not exert any negative effect on photosynthetic 
activity, cell growth, membrane integrity or dehydrogenase activity of Dunaliella salina, 
Nannochloropsis, Chlorella sp. and Ankistrodesmus sp. [15, 19]. To the best of our knowledge, 
this is the first study that demonstrated the recovery of botryococcene from B. braunii (B Race) 
in a system where the culture was recycled continuously through dodecane for seven days with 
minimum recovery time. Long-term milking of hydrocarbons from B. braunii (A Race) using 
n-hexane in a continuous cultivation system has been reported [10]. However, the cellular 
activity and viability were negatively affected by n-hexane, even under a very short (12 s d-1) 
contact time. Moheimani et al. [7] and Kleinegris et al. [20] also found that n-hexane disrupted 
the plasma membrane and was not a compatible solvent for the non-destructive oil extraction 




Figure 5.3 Effects of time of contact with solvent on photosynthetic activity (FV/FM) of the algae cells (A) 
control (B) 7-cycles d-1 (C) 23-cycles d-1 and (D) shake flask. Values are expressed as mean ± SE of triplicates. 
5.3.2 Non-destructive extraction of Botryococcene from B. braunii using dodecane 
The concentration of botryococcene extracted in the solvent of the 23-cycles d-1 column system 
was 1.3 times higher than the continuous shake flask over the seven days of extraction. This 
clearly shows that the process of milking with the column extraction system, using dodecane 
solvent, could be a feasible option for large-scale in-situ extraction of hydrocarbons from B. 
braunii. Compared to the botryococcene (19.9 mg g-1culture) extracted in the constant stirred 
shake flask, 7-cycles d-1 recirculation of culture through the column could only extract 8.74 mg 
g-1 botryococcene over a period of seven days, indicating that botryococcene milking capacity 
of B .braunii could be further improved by increasing the solvent-culture contact period 
without negatively impacting cell viability (Figure 5.4A). The increase in the recirculation of 
cultures through the column by approximately three-fold (7 to 23-cycles d-1) resulted in an 
increase in botryococcene yield from 8.74 to 25.10 mg g-1 of culture, which is not surprising 
considering the increase in solvent-culture interface area from 61 cm2 L-1 (7-cycles d-1) to 204 
cm2 L-1 (23-cycles d-1). Similar findings were observed by Zhang et al. [12] who reported that 
the extraction efficiency increased by 30% when there was an increase in the solvent/colony 



























21% less (19.9 mg g-1culture) than that of the 23-cycles column (25.1 mg g-1), which is 
surprising considering the solvent-culture contact (508 cm2 L-1). The mass diffusion 
mechanisms in the shake flask are significantly different from that of the column, making it 
difficult to pinpoint exactly what the reason for this may be. Moheimani et al. [7] indicated that 
solvent-free non-destructive repetitive extracellular oil extraction of B. braunii is possible 
when pressure is applied as a mechanism to recover external oil. The pressure applied to the 
colonies by the peristaltic pump in the column system may have enhanced the secretion of 
botryococcene from the colonies, improving the extraction efficiency in the column with 
dodecane. Furthermore, the high constant mixing generated in the shake flask could have also 
negatively affected the hydrocarbon re-generation of B. braunii. 
 
Figure 5.4 Extraction of external botryococcene from B. braunii BOT-22 with dodecane: The effect of 
recirculation rates and contact time of culture with solvent in the column and shake flask on botryococcene 
extraction in solvent mg g-1AFDW (A) and mg g-1 d-1 AFDW (B). Values are expressed as mean ± SE of 
triplicates. 
Of the total botryococcene extracted, 69%, 77% and 82% was extracted in the first day of 
contact using 23-cycles, shake flask, and 7-cycles, respectively. The remaining was extracted 
in day two and three with the remaining four days showing no significant changes in 
botryococcene in dodecane (Figure 5.4B). This outcome is similar to that previously reported 
by Zhang et al. [12] in which they identified the maximum lipid recovery was observed in the 
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first 48 h, after which the kinetics of extraction significantly decreased. The possible reason for 
this phenomenon might be the different extractability of organic solvent for the cytoplasmic 
intracellular and extracellular lipid in the outer matrix. The botryococcene that was extracted 
was likely to be “accessible” botryococcene, which is typically stored close to the outer walls 
of the colony’s matrix. Once this had been extracted, the culture was unable to replace it under 
the conditions imposed by this extraction process and short recovery time.  
Table 5.2 Botryococcene productivities averaged over seven days of solvent extraction.  
Extraction method 
Botryococcene productivity 
mg g-1 d-1 mg L-1 d-1 
Shake flask 2.8 4.7 
7-cycles column 1.2 2.1 
23-cycles column 3.6 6.4 
Conventional* 21 46 
*Conventional productivity based on a destructive process with a harvesting rate of 0.6 per week. 
The botryococcene productivity (3.6 mg g-1 d-1, 6.4 mg L-1 d-1, Table 5.2) achieved over the 
seven days of extraction in our system with B. braunii (BOT-22, Race B) was lower than that 
achieved previously by Moheimani et al. [2] with a productivity of 9.3 mg L−1 d−1 (approx. 10.7 
mg g-1 d-1) for BOT-22 with a much longer recovery time [2, 7]. Griehl et al. [10] also found a 
similar hydrocarbon productivity of 8.95 mg L−1 d−1 (approx. 4 mg g-1 d-1) for SCCAP 1761 
(race A) using n-hexane as a solvent. Interestingly, Choi et al. [11] achieved a higher 
productivity of around 13.5 mg L−1 d−1 (approx. 10.3 mg g-1 d-1) with n-octane. As indicated, 
these studies used heptane, n-octane, and n-hexane as the extraction solvents, which have a 
higher emissivity in water giving them greater access to the colony matrix for solvent extraction 
[21]. Also, some of these studies provided the extracted cultures a much longer recovery time 
which may have promoted the regeneration of botryococcene [21]. While using some of these 
solvents resulted in higher extraction rates, the state of the algal culture in these studies were 
negatively affected and conditions were found to differ. Moheimani et al. [7], for example, 
carried out extraction at 5-day intervals which gave the culture four days to recover and replace 
the extracted hydrocarbons. The culture was only in contact with heptane for 10 – 20 minutes 
every five days to minimize solvent toxicity while achieving a higher extraction efficiency. 
Choi et al. [11] carried out three extractions around 20 days apart with fresh medium added 
after each extraction and Griehl et al. [10] only had a contact time of 30 – 36 s d-1 compared to 
a contact time of 284 s d-1 in the 23-cycles column in this study. It is to be noted that, in the 





Figure 5.5 Time course of the botryococcene amount (%) in B. braunii biomass after extraction by dodecane in 
column system (7 and 23-cycles d-1 recirculation rates) and shake flask values are expressed as mean ± SE of 
triplicates.  
It is important to note that the aim of this study was to develop and evaluate the feasibility of 
a continuous extraction system using a non-toxic solvent (dodecane) in which cultures were 
only allowed minimum recovery time (12 hours). We strongly believe that the productivity of 
botryococcene can be significantly improved if the cultures were provided with a longer 
recovery period as observed by Moheimani et al. [7] in which B. braunii was able to recover 
the majority of extracted hydrocarbon content within five days post-extraction. Assuming this 
to be true after extraction with dodecane, it should be possible to carry out an extraction every 
five days. With a botryococcene productivity of 17.4 mg g-1 (31.2 mg L-1), assuming culture 
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d-1 (6.2 mg L-1 d-1). This experiment has shown the culture density under the current growth 
conditions presented is able to reach much higher (2.6 g L-1, Figure 5.6), which, if sustainable, 
could result in a productivity of 9.1 mg L-1 d-1 (45.7 mg L-1 extracted every five days).  
The botryococcene concentrations in B. braunii BOT-22 biomass under all experimental 
conditions decreased after the first 24 hours (Figure 5.5). In this same time course, the 
botryococcene amounts extracted into the solvent phase increased (Figure 5.4). After 24 hours 
of extraction, botryococcene content in biomass in the shake flask, 7-cycles column, and 23-
cycles column culture was 29%, 10% and 20% less than that of the control. By the end of the 
7-day period, the botryococcene content in biomass of the shake flask partially recovered and 
was only 22 % lower than that of the control while the biomass content of the 23-cycles column 
had decreased further to 28% less. The botryococcene content produced by the culture in the 
shake flask did not seem to be readily accessible to the solvent resulting in accumulation, 
raising from 23% at the end of the first day to 25% on day 7. This could be due to intercellular 
accumulation or it could be stored deep within the colony and slow to diffuse through the matrix 
to a location closer to the retaining sheath where it can be extracted by dodecane. This was not 
the case in the 23-cycles column with the botryococcene content dropping from 29% on day 
one to 23% on day seven. However, the decrease in culture botryococcene content was found 
not to increase the botryococcene content extracted in dodecane solvent. From day two - seven 
the botryococcene content in the 23-cycles column decreased from 0.57 ± 0.04 g L-1 to 0.54 ± 
0.01 g L-1. This may represent a negligible difference which indicates there is no botryococcene 
synthesis occurring. The total lipid content of cultures in the 23-cycles extraction, however, 
increased from 1.38 ± 0.04 g L-1 to 1.51 ± 0.04 g L-1 indicating the culture was still producing 
other hydrocarbons and/or lipids. Furthermore; the total lipid content of the biomass in the 23-
cycles extraction was similar (63.3%) when compared to the control (63.6%). The lack of 
botryococcene synthesis could have been caused by a combination of different factors. It’s 
possible that the botryococcene synthesis in this culture was occurring in the matrix [22] and 
the precursors required from this were being extracted by dodecane. Another possibility is that 
the dodecane was extracting other hydrocarbons from the matrix which were favoured over 
botryococcene to which the culture is directing all its energy to replace. In addition, the 
production of botryococcene has been reported to be growth-related showing the highest 
productivity in the linear growth phase while the culture in the 23-cycles column was nearing 




Figure 5.6 Biomass and lipid yield of B. braunii BOT-22 in control (A), 7-cycles d-1 (B), 23-cycles d-1 (C, 
repetitive non-destructive hydrocarbon extraction column system) and shake flask (D). Values are expressed as 
mean ± SE of triplicates.  
The total cell density after solvent exposure in both columns and the shake flask relative to 
control samples (no solvent contact) is shown in Figure 5.6. Results showed that the observed 
biomass increased during the seven days of extraction in all treatments. The specific growth 
rates were 0.1, 0.09, 0.07, and 0.08 d-1 in 7-cycles d-1, shake flask, 23-cycles d-1 and control, 
respectively. The biomass yield could be seen as a good parameter for the viability of the 
culture. As shown in Figure 5.6, the average lipid yield (% of AFDW) decreased during the 
seven days from 70% to 57%, 62%, and 61% in the 7-cycles d-1, shake flask and 23-cycles day-
1, respectively, whereas average biomass increased during the same time from 1.36 to 1.92 g 
L-1 in 7-cycles d-1, 1.36 to 2.5 g L-1 in shake flask and 1.7 to 2.41 g L-1 in 23-cycles d-1. The 
biomass productivity ranging from 0.08 to 0.16 g L−1 d−1 in the column and shake flask were 
similar to that of the controls indicating little to no negative effect of solvent exposure on 
growth rate. Furthermore, the growth rates achieved in our study were comparable to those 
obtained by other authors with B. braunii (B Race) at 0.09 g L−1 d−1 [10] and 0.06 g L−1 d−1 
[24].  
If we look at the growth rate of the control cultures, we find a second-order growth curve for 
this culture density range (0.7 – 2.6 g L-1) of y = -0.0035x2 + 0.2032x + 0.6216 (x = time, y = 



























































































































































































































































































































































































































































































































































































































seven days, a biomass productivity of 0.16 g L-1 d-1 is possible under these growth conditions. 
While these growth rates and culture densities are unrealistic for a large-scale cultivation 
system, they can give us an idea of how solvent extraction with dodecane compares to 
conventional methods. This productivity corresponds to a botryococcene productivity of 46 mg 
L-1 d-1 (approx. 21 mg g-1 d-1). While this is six times greater than that achieved with non-
destructive in-situ extraction with dodecane (Table 5.2), there are significant costs associated 
with a destructive growth process. According to Borowitzka and Moheimani [25], the 
replacement of 0.15 g L-1 d-1 (39000 ton y-1, based on 735 ML of pond volume) of culture 
biomass roughly corresponds to around 1952 ton of nitrogen (11856 ton NaNO3) and 46 ton of 
phosphorus (179 ton NaPO4) per year. The cost of these nutrients and additional costs of 
harvesting, dewatering and drying major challenges the conventional process must overcome 
where the in-situ solvent extraction process does not [3]. Repetitive, in-situ solvent extraction 
has relatively little to no nutrient demand as the culture is maintained, and is more flexible and 
better able to cope with seasonal fluctuations in culture density and lipid content found with 
outdoor cultivation, making it a more efficient, cheaper to run process [2]. 
The results showed that, while the extraction efficiency of dodecane may be lower than that of 
other solvents like heptane, the biocompatibility allows for extraction at higher culture densities 
with little to no effect on culture quantum efficiency and rate of growth. From a practical 
perspective, using dodecane as an extracting solvent has the advantages of reduced volatility 
and toxicity when compared to other solvents (for safety and containment purposes), however, 
it would not be easily separated from botryococcene due to the relatively high boiling point 
(216 °C, making distillation difficult), and is more expensive than alternatives such as n-hexane 
and heptane. Moving forward from here, it is recommended that if dodecane is further pursued 
as a solvent for non-destructive in-situ extraction of botryococcene from B. braunii, extraction 
should be carried out in a repetitive fashion with longer recovery periods in between as reported 
by Moheimani et al. [7], to allow the culture time to recover and regenerate the lost 
botryococcene. Solvent contact should be increased via increased culture/solvent interface 
either through solvent sparging, increased column height, increased solvent flow rate or all of 
the above. 
 CONCLUSIONS 
Through this study, we successfully illustrated the use of dodecane as not only an efficient 
solvent for the extraction of botryococcene but also of low toxicity to the propagation of B. 
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braunii cells. Also as part of this study, we developed and successfully demonstrated the use 
of an innovative continuous growth and extraction column system for the extraction of 
botryococcene with minimum recover time to B. braunii cultures. The recirculation of algae 
culture (23 times per day) through the column system containing dodecane with a daily 
effective extraction time of 276 s resulted in 21% higher botryococcene extraction (25 mg g-1 
biomass) when compared to a constantly stirred shake flask consisting of both algae culture 
and dodecane together. Nonetheless, the extraction of botryococcene was found to be highest 
only on the first 24h of extraction in comparison to the low botryococcene productivity in the 
remaining six days of the extraction period. Through further optimization (i.e., recovery time 
and contact period), we strongly believe the productivity of botryococcene can be significantly 
improved through the proposed continuous system for potential large-scale application.  
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Chapter 6: NON-DESTRUCTIVE EXTRACTION OF LIPIDS 
FROM BOTRYOCOCCUS BRAUNII AND ITS POTENTIAL TO 
REDUCE POND AREA AND NUTRIENT COSTS 
FOREWORD 
Extraction efficiency with dodecane was much lower than anticipated. Heptane column 
extraction was tested to see if the extraction efficiency could be increased without resulting in 
culture death. This experiment is included at the beginning of this chapter followed by a 
comparison of productivities from chapters two, three and four and the selection of the 
repetitive extraction process which shows the highest potential. Following this, a mass balance 
of the extraction process modelled on the heptane STR extraction was completed with a glance 
at the potential of non-destructive extraction to reduce the nutrient and pond area requirements 
of third-generation biofuel production.  
This chapter has been published in the journal Algal Research as research article titled: Non-
destructive extraction of lipids from Botryococcus braunii and its potential to reduce pond area 
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The production of oil from microalgae is a process with a long way to go before reaching 
commercial viability. High costs associated with harvesting and solvent extraction make it 
difficult to compete with fossil fuel. The in-situ, non-destructive, repetitive extraction of lipids 
from Botryococcus braunii (milking) offers an alternative to the conventional microalgal-oil 
production process, with significantly reduced nutrient, dewatering and cultivation costs. Here, 
we compare low shear column solvent extraction with high shear stirred tank solvent extraction 
to ascertain which is better suited to a repetitive extraction process using B. braunii and carry 
out a preliminary economic analysis on the nutrient costs and raceway pond area requirements 
once scaled to industrial production. Stirred tank extraction with heptane resulted in five times 
higher productivities than that of column solvent extraction. Using this to generate an 
extraction model we found a lipid productivity of 104 mg L-1 d-1 was possible, six times greater 
than that of previous repetitive extraction studies. Thanks to the high lipid content of the B. 
braunii biomass generated in the recovery phase, when scaled to open raceway ponds, a lipid 
productivity of 13.4 g m-2 d-1 can be predicted. With this productivity, an estimated combined 
carbon, nitrogen and phosphorus cost of $2.52 per litre of oil produced and a cultivation pond 
area of 3.53 km2 (assuming an annual oil production of 15900 m3 y-1) is predicted, 
corresponding to reductions when compared to conventional extraction of 40% and 50% 
respectively. This repetitive extraction process provides an alternative method for the 
production of 3rd generation biofuels without the need to harvest and dewater algal biomass 
with significant reductions in nutrient and pond area requirements.  
Keywords: 3rd generation biofuels; Repetitive extraction; Solvent extraction; Heptane; 
Raceway ponds; Nutrient requirements. 
 INTRODUCTION 
Third-generation microalgal biofuels have several advantages over terrestrial alternatives such 
as; the ability to produce on non-arable land (reducing competition for food crops etc.), higher 
growth rates, higher lipid content, and the ability to be grown in brackish and/or saline water 
[1]. There are, however, still many issues with microalgal biofuel production (e.g. low growth 
rate and high cost of dewatering) which must be addressed before it can be made economically 
viable. Botryococcus braunii is a unique species of green, freshwater microalgae offering the 
potential to significantly reduce the major costs of this process bringing 3rd generation biofuels 
one step closer to commercialisation. There are four known races (A, B, L, and S) of B. braunii, 
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each producing hydrocarbons of different quantity and nature [2]. Certain strains of B Race are 
of interest for their ability to store up to 70% total lipid content [3, 4] a large portion of which 
is a hydrocarbon known as botryococcene (C34H58, [5-7]). These hydrocarbons can be 
converted into useful compounds through processes such as catalytic gasification [7] with any 
residual biomass processed through pyrolysis producing highly carbonized char (10% - C), C1 
– C4 alkanes (30% - C) hydrogen and tar (60% - C) [8]. 
Botryococcus braunii cells are embedded in an extracellular matrix (ECM) comprised of a 
cross-linked network of polymethyl squalene diols and polyacetals, permeated with liquid 
hydrocarbons [9]. The extracellular storage of hydrocarbons by B. braunii makes it possible to 
separate lipid content from cells without compromising cellular integrity [4, 10-13]. Once 
extracted, colonies have shown the ability to synthesize and replace these extracted lipids for 
future extractions [4, 10-12]. Furthermore, solvent extraction can be carried out in-situ which 
removes the need for dewatering and drying [3], which for mass microalgal cultivation, can 
account for 12 – 25% of the total cost of oil production [14-17]. This results in much simpler 
microalgal bio-oil production involving 3 steps: hydrocarbon production; in-situ solvent 
extraction; and, solvent separation [13].  
Repetitive, in-situ solvent extraction can either be achieved by the mixing of culture with 
solvent by forced agitation [18, 19] or via column extraction [12, 20]. Column extraction is 
achieved by passing microalgal culture through a column of solvent and has the advantage of 
low shear rates and high solvent contact [19]. However, the increased level of solvent contact 
has shown to be highly toxic resulting in culture collapse with as little as 12 s of contact per 
day [12]. There are several ways in which solvent contact in a column can be controlled, such 
as sparging to reduce culture droplet diameter, changing the culture flow rate through the 
column and changing column height, all of which will affect the culture/solvent surface contact 
[3]. Encapsulating B. braunii colonies is a retaining wall with an external fibrillar sheath [21]. 
In order to gain access to the liquid hydrocarbons stored with the ECM, this sheath must be 
bypassed or disrupted. Due to the low shear rates in column extraction, this can be difficult to 
achieve. Mechanical extraction through forced agitation in stirred tank extractors [19] was 
shown to be able to disrupt colonies without harming cells overcoming this barrier, increasing 
solvent access to hydrocarbons [10].  
Characteristics of suitable solvents for the non-destructive extraction of lipids from B. braunii 
are not currently well defined, however, a study conducted by Hou, et al. [22] found high 
polarity alcohol compounds such as glycerol are able to disrupt colonies effectively while low 
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polarity compounds such as hexane are not. While the reason for this is not clear, it is likely to 
be related to the high miscibility of glycerol in water. Furthermore, certain strains of B. braunii 
cells (Showa) have been found to collapse 2 days after complete colony disruption [22]. The 
loss of culture viability is an important factor to consider in the solvent selection process for a 
non-destructive extraction. Previous work comparing dodecane extraction to heptane 
extraction showed dodecane to have little negative effect on B. braunii culture condition (i.e. 
growth and photosynthesis), with low botryococcene extractability, suggesting it to have high 
biocompatibility, and low extraction efficiency [10].  
A process model developed in a recent study [23] showed the potential to achieve productivities 
of 204 bbl ha-1 y-1 (3.24 L m-2 y-1) with a repetitive extraction process, which was estimated to 
be 33% higher than that expected from conventional microalgal oil production [24]. This 
combined with the reduction in dewatering and drying and nutrient requirements resulting in, 
under optimal conditions, a minimum sales price for a 10% rate of return of 1.45 US$ L-1 (5.5 
US$ gal-1) [24]. While the projected cost is still higher than that of fossil fuels, there are many 
aspects to the process which can be further optimized. The objectives of the current study were 
to: assess the suitability of heptane for column extraction of botryococcene form B. braunii; 
compare this with previous work on high shear solvent extraction with dodecane and heptane; 
compare high shear solvent extraction efficiency with low shear column extraction; select the 
extraction process showing the greatest promise; and, carry out a preliminary mass balance on 
the process to identify its potential to reduce the land and nutrient requirements associated with 
culture growth in the production of 3rd generation biofuel from B. braunii.  
 MATERIALS AND METHODS 
6.2.1 Culture maintenance 
Botryococcus braunii BOT-22 (B race), obtained from the Network of Asia Oceania Algal 
Culture Collection (AOACC), Tsukuba, Japan [3], was used for this study as well as previous 
work frequently referred to [3, 4, 13, 19]. This particular strain was selected for its high total 
lipid content (approximately 60 – 70%) of which is estimated to be approximately 40% 
botryococcene under repetitive extraction conditions [4, 10]. The culture medium used was 
AF-6 modified with MES buffer (2.05x10-3 M), the removal of CaCO3 and a modified trace 
metal solution [10]. Cultures were grown in two 5 L erlenmeyer flasks maintained at 1.2 – 1.4 
g L-1. Illumination was provided by OSRAM 18 W fluorescent lamps (77 ± 0.4 μmol photons 
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m−2 s−1) on a 12:12, light:dark: cycle. Air was supplied at 1 L min-1 to each flask enriched by 
CO2 (1% v/v) during the light periods.  
6.2.2 Heptane column extraction 
At the beginning of the experiment, 1.5 L of fresh culture was divided into three 500 mL shcott 
bottles. Each sample was feed through a different column of heptane via gravity and collected 
at the bottom of the column by another schott bottle. This process was carried out 14 times 
throughout the day, each day of the experiment. Each column was 45 cm in height making a 
total contact height of 6.3 m per day. When the culture was not being run through a column it 
was maintained under light supplied by OSRAM 18 W fluorescent lamps (77 ± 0.4 μmol 
photons m−2 s−1), to one side of the culture on a 12:12 light:dark cycle. Aeration of the culture 
when not being passed through the column was maintained at 0.4 L min-1 (air during the dark 
cycle, 1% CO2 during the light cycle). Heptane was collected from each column and 
refrigerated overnight (8 ± 1 °C) to minimize evaporation losses. Heptane and culture volume 
and culture samples for culture density and lipid content, as well as heptane samples for 
botryococcene analysis, were taken at the beginning of each day, after which fresh heptane was 
added to account for evaporation losses and sampling. Culture volumes were not altered, the 
gradual reduction in culture volume from sampling and small losses during the extraction 
process were taken into account in all calculations.  
6.2.3 Analytical techniques 
Ash-free dry weight, culture density, total lipid content, and botryococcene content were 
determined following methods described in previous work [10]. The maximum quantum 
efficiency of photosystem II (FV/FM, [25]) was used as a measure of the cultures photosynthetic 
viability (FV/FM > 0.65 being a culture under minimal stress) following methods described in 
previous studies. 
6.2.4 Heptane column extraction calculations 
Total lipid and botryococcene extraction efficiency, defined as the percent of lipid in biomass 
extracted by solvent, and the algal specific growth rate were calculated using the methods and 
equations presented in previous studies [10]. The column interface area for solvent/culture 
contact was determined following the methodology explained by Mehta, et al. [3]. Values for 
gravity (g), solvent density (ρh), culture density (ρc) and the drag coefficient of each drop (Cd) 
used in these calculations were; 9.8 ms-2, 684 kg m-3, 997 kg m-3, and 0.47 (assuming culture 




is an important factor to consider in understanding extraction efficiency between two columns. 
Increasing the column height, flow rate, or decreasing the droplet diameter (also resulting in 
reduced terminal velocity) will have a significant effect on the contact area and in doing so the 
solvents ability to access the lipid content within the ECM. For comparison with other culture 
densities and volumes, Ai can be divided by the volume of culture exposed to the solvent and 
the density of that culture to find the contact area per litre of culture or gram of biomass. Table 
6.1 shows a summary of the important parameters determined for this study and a previous 
study carried out under similar conditions. 
Table 6.1 Parameters determined using Equations described by Mehta, et al. [3].  
Calculated parameter 
Heptane aDodecane 
Current study 7 cycles d-1 21 cycles d-1 
Contact (m d-1) 6.30 8.05 26.45 
Droplet diameter (m) 25.2 x10-4 9.7 x10-4 9.7 x10-4 
Terminal velocity (vt, m s-1) 0.179 0.094 0.094 
Culture flow rate (m3 d-1) 5.98 x10-3 3.50 x10-3 11.58 x10-3 
bColumn hold up (VH, m3) 1.74 x10-7 5.00 x10-7 16.53 x10-7 
Droplet volume (Vd, m3) 83.78 x10-10 4.80 x10-10 4.80 x10-10 
Droplet surface area (Ad, m2) 19.95 x10-6 2.96 x10-6 2.96 x10-6 
Droplets in contact with heptane (Nd) 21 1042 3446 
Heptane/culture interface (Ai, m2) 4.14 x10-4 30.86 x10-4 102.12 x10-4 
Contact per litre of culture (m2 L-1) 9.70 x10-4 61.72 x10-4 204.23 x10-4 
aFrom previous study [3] 
bAssuming the culture is flowing 24 hours at a constant rate.  
6.2.5 Process model and mass balance 
Overview 
Figure 6.1 is a basic outline of the extraction process proposed using in-situ solvent extraction. 
A secondary extraction was introduced to recover any extractible lipids remaining in the 
emulsion biomass. A more detailed process diagram and mass & volume flows can be found 







Figure 6.1 In-situ extraction process flow. Dashed lines – heptane/botryococcene, Solid lines – 
Biomass/medium, Dot/dash line – emulsion. 
Once the desired culture density is reached, hydrocarbon content is extracted from B. braunii 
using a non-destructive in-situ extraction method [3, 10]. Post-extraction the culture and 
medium are sent back to the recovery phase where it is combined with fresh culture to reduce 
dilution and supply the culture with fresh cells. Solvent and any emulsion generated in the 
extraction process are sent to be separated, with any excess medium being returned to the 
recovery phase. The remaining emulsion is put through a secondary extraction to remove 
extractable lipid content before being disposed of as residual biomass. Solvent from the 
extraction phase is re-used in the secondary extraction of the emulsion biomass, after which a 
large portion is sent back to be re-used in the next extraction, with the remainder to be separated 
and refined.  
Solvent extraction process parameters 
Heptane volume and lipid content in heptane, pre-solvent extraction were determined based on 
previous work [10]. 100 mL of heptane was used to test the extractability of residual emulsion 
biomass. The volume of emulsion recovered from the settler was only 5 mL. The total lipid 
content in heptane achieved under these extraction conditions previously was 1531 ± 219 mg 
L-1 at the end of the third extraction phase. Using 1000 mg L-1 pre-extraction yields a post-
extraction lipid in heptane content of 1596 mg L-1. There is potential to increase this further, 
however as this has yet to be confirmed for simplicity a pre-extraction total lipid concertation 




















Table 6.2 parameters and assumptions made around solvent extraction 
Set parameters   
Heptane for secondary extraction (mL) 100 
Total lipid content in solvent feed (mg L-1) 1000 
  
Botryococcene component of lipid  
Culture lipid pre-extraction 37.7% 
Component of crude lipid extracted 40.0% 
Culture lipid post-extraction 36.7% 
  
Biomass distribution for solvent extraction  
Emulsion (Stream 8b) 11.5% 
Solvent (Stream 8a) 17.8% 
Spent culture (Stream 6) 70.7% 
  
Assumptions  
Settler culture recovery efficiency 80.0% 
Residual biomass lipid content 23.5% 
Biomass in culture of settler (g L-1) 0.1 
Heptane in emulsion 2.0% 
Culture volume in emulsion (mL) 25 
Residual biomass botryococcene content 7.8% 
Previously, the botryococcene component of the total lipid remaining in biomass was found to 
decrease over consecutive extractions, reaching 37.7 % at the end of the third recovery phase 
[4]. Of the lipid content extracted in the third extraction phase, 40 % was determined to be 
botryococcene. Using these two values and assuming the botryococcene and lipid content in 
the emulsion biomass is equal to that of the retained culture, a simple balance around the 
solvent extraction gives the final lipid content in biomass of 36.7 % (Equations (1) – (3)). 
 
Figure 6.2 Solvent extraction inputs and outputs: Stream 5 – Culture from recovery phase; Stream 6 – Retained 
culture future extractions; Stream 8 – Loaded heptane containing emulsion (8a) and heptane (8b) phases; Stream 
9 – Extraction solvent feed (Recycled heptane, 1 g L-1 total lipid). 
𝐵6 + 𝐵8𝑎 + 𝐵8𝑏 = 𝐵5 + 𝐵9  (1) 
𝐵6 + 𝐵8𝑎 = 𝐵5 + 𝐵9 − 𝐵8𝑏  (2) 
𝑥6 = 𝑥8𝑎 =
(𝐵5+𝐵9−𝐵8𝑏)
𝐿6+𝐿8𝑎
  (3) 
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Where: Bn is the botryococcene mass in Stream n (mg); Ln is the total lipid content in stream n 
(mg); and, xn is the botryococcene concentration in the lipid content of Stream n (% DW). The 
biomass distribution for solvent extraction was set based on that of previous extractions and is 
defined as the total biomass in the solvent extraction feed stream (5) into the product streams 
(8 and 6). 
Settler recovery efficiency was assumed to be 80%. The biomass concentration in settler 
culture, heptane in the emulsion, and culture volume in emulsion (Table 6.2) were assumptions 
made based on observations during repetitive extractions in previous work [4, 10]. After the 
culture and solvent have been separated out in the settler any remaining emulsion is put through 
a secondary destructive extraction process. This involves saturation of the emulsion with excess 
heptane in a stirred vessel. Previously 100 ml of heptane was used for an emulsion volume of 
approximately 5 mL resulting in a reduction in lipid content from 35% to 20% [4]. For the 
model used in this study 23.5% (33% of which is botryococcene), was chosen as a conservative 
value.  
Distillation/Solvent separation 
The distillation section was added to complete the cycle, while the mass balance carried out 
over this section was quite basic, it served its purpose for this study. 99.9% of the heptane fed 
to distillation went to the tops product with the remainder in bottoms. 90% of the total lipid 
content ended up in the bottoms product with a volumetric purity of 66%.  Fresh heptane was 
added to make up for the heptane lost in the bottoms product after which the heptane recycle 
stream was sent back to solvent extraction.   
Nutrient requirements and costs 
The biomass and lipid extract compositions for the mass balance calculations were assumed 
based on the studies carried out by Watanabe, et al. [8] and Liu, et al. [26] (Table 6.3). Di-
ammonium phosphate, sodium nitrate, and carbon dioxide were chosen as sources of nitrogen, 
phosphate, and carbon. The price of di-ammonium phosphate (335 $ t-1) was obtained from 
IndexMundi [27] and sodium nitrate price (349.4 $ t-1) estimate was based on twice the cost of 
di-ammonium phosphate per gram of nitrogen [28]. Carbon dioxide was assumed to cost 40 $ 





Table 6.3 Elemental composition of B. braunii biomass (%AFDW).  
Element Pre-extraction Post-extraction Lipid extract 
Carbon 77.3% 76.7% 80.2% 
Hydrogen 11.3% 10.8% 13.4% 
Nitrogen  1.1% 1.34% 0.0% 
Oxygen 10.2%a 11.0% 6.41% 
Phosphorus 0.14%b 0.15% 0.01% 
Oxygen content calculated by difference (O = 100% - C – H – N – P) 
Assumed N:P ratio of 18:1 [29] 
Open raceway pond culture recovery 
Figure 6.3 is a basic overview of the pond recovery setup. One third of the culture in the 
recovery ponds is sent to receiving ponds to be extracted on a daily rotation. Once extracted, 
spent culture is returned to the recovery ponds to replace extracted hydrocarbons. Solvent from 
the extraction process is sent to a settler where the majority of the medium entrained in the 
emulsion is recovered and sent to the inoculum ponds where fresh nutrients are added as 
required. One third of the inoculum pond volume is combined with the spent culture daily, 
maintaining a healthy culture and replacing un-recovered culture and medium.  
 
Figure 6.3 Basic overview of open raceway pond recovery setup. A – Recovery ponds, B – Inoculum ponds.  
 RESULTS AND DISCUSSION 
6.3.1 Column heptane extraction 
The botryococcene content of the culture biomass decreased in the first 2 days stabilizing at 
19.1 ± 2.0 % (dw%), with a slight indication of a downward trend towards the final days of 
extraction (Figure 6.5B). This corresponded to an average extraction rate of 0.46 ± 0.07 mg oil 
d-1 over 7 days, reaching a total of 3.21 ± 0.46 mg extracted on day 7 (Figure 6.5A), and a 
botryococcene productivity of 0.58 ± 0.07 mg g-1 d-1 (1.07 ± 0.16 mg L-1 d-1). Based on an 
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g L-1 and 22.7 ± 0.41 %, an average botryococcene content in culture biomass of 157 mg is 
found, corresponding to an extraction efficiency of 2.0 %. This indicates the accessibility of 
the botryococcene stored within the ECM was low. The water surrounding the B. braunii 
colonies [30] and fibrillar sheath coating the retaining wall encapsulating the colony ECM [31] 
seems to have prevented the extraction of liquid hydrocarbons within the colony. Previous 
work on high shear solvent extraction found, through mechanical shear, it was possible to 
overcome this barrier by tearing colonies apart without compromising cellular integrity (Figure 
6.4). While the shear rate used on the culture depicted in Figure 6.4 (335 s-1) was slightly less 
than that used in the work following (424 s-1), the microeddy size, which was determined to be 
the main cause of colony disruption, is not significantly different (50 μm vs 45 μm, as 
determined by Jackson, et al. [19]). So, while colony disruption may be more effective, this 
eddy size is still much larger than the size of any individual cell and is therefore not likely to 
result in any loss of cellular integrity [32-34] resulting in a similar colony physiological 
response.  
 
Figure 6.4 Observed colony disruption from previous stirred tank extraction with heptane (mixing rate – 335 s-1, 
solvent contact time – 2 hours); culture condition pre-extraction (A), directly after extraction (B, C) and 24 
hours after extraction (D). Scale; A, B, D = 100 µm, C = 20 µm [19]. 
At a shear rate of 424 s-1 and contact time of 4 hours extraction efficiencies of 20 – 30 % were 
achieved with heptane [19], significantly higher than that achieved in the column extraction 
carried out in the current study. Mechanical and heat pre-treatment methods for the removal of 
the fibrillar sheath coating the colony retaining wall have been proposed [31, 35], which could 
be utilised prior to passing the culture through the column significantly increasing liquid 
hydrocarbon exposure to heptane.  
A column of similar contact height (8.05 m d-1), with the same culture volume, containing 
dodecane achieved a botryococcene productivity of 3 mg g-1 d-1 [3]. This is more than 5-fold 
higher than that achieved with heptane. The main reason for this we hypothesize to be the 
increased solvent/culture contact per litre of culture observed in the dodecane extractions. In 
the heptane extraction, the droplet diameter was larger and the density of heptane less than that 
A B C D 
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of dodecane resulting in a higher droplet terminal velocity of 0.179 m s-1 (dodecane terminal 
velocity - 0.094 m s-1). As a result, the volume of culture in the column (Column hold up) was 
significantly less, this combined with the slightly increased droplet diameter, resulted in 
significantly less culture/solvent interface for extraction (Table 6.3). Without surface for 
solvent contact and extraction, there is less opportunity for the solvent to contact with colonies 
and extract botryococcene. This reduction in botryococcene extracted due to the reduced 
surface area for extraction with heptane (Table 6.1) makes it seem as if it has a lower extraction 
efficiency. Considering the mass of botryococcene extracted per cm2 of culture/solvent contact 
per litre of culture, we get values of 0.357 and 0.104 mg (cm2 L-1)-1 of botryococcene for 
heptane and dodecane respectively. This shows that heptane had a surface/volume extraction 
efficiency three times higher than dodecane. Total lipid content was relatively constant (69% - 
73%) over the first 3 days of extraction gradually decreasing from day 4 reaching a final value 
of 66% on day 7 (Figure 6.5B). Assuming botryococcene accounted for 40 – 50% of the total 
lipid content extracted, a total lipid productivity of 1.16 – 1.45 mg g-1 d-1 was achieved. A 
similar study carried out by Griehl, et al. [12] using hexane achieved total lipid productivities 
of 1.2 – 2.2 mg g-1 d-1 when using B. braunii SAG 807/1. The contact time in Griehl et al.’s 
[12] work was 36 s d-1, similar to that used in the current study (35.2 s d-1). The bubble size in 
the work conducted by Griehl, et al. [12] was larger (3 mm), which was compensated by 
hexanes higher miscibility in water, reducing the required solvent/culture interface for 
extraction [13, 30, 36]. 
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Figure 6.5 Repetitive extraction with dodecane in a column: Culture density (A), lipid/botryococcene 
composition (B), culture quantum yield (C) and culture density (D). Error bars – standard error based on three 
replicates, with the exception of, botryococcene extracted on days 2 and 3 due to undetectable values. 
The culture specific growth rate was 0.105 ± 0.003 d-1 in the three days of extraction, dropping 
off to 0.047 ± 0.015 d-1 in the final four days reaching a final density of 2.04 ± 0.11 g L-1 
(Figure 6.5D). This is likely to be due to the increased culture density resulting in a shading 
effect, or a reduction in available nutrients. Botryococcus braunii grown under controlled 
laboratory conditions, typically reaches stationary phase around 2 – 3.5 g L-1 [29, 37-39], a 
decrease in growth rate would, therefore, be expected at these densities. Culture maximum 
potential quantum efficiency of Photosystem II (FV/FM) gradually declined over the 7 days of 
extraction reaching 0.56 ± 0.01 on the 7th day (Figure 6.5C). Post solvent extraction the culture 
was given 3 days to recover after which the FV/FM was measured at 0.69 ± 0.01 showing the 
effect of heptane on the cultures FV/FM was temporary. Botryococcene content was also found 
to decrease to 37% indicating reduced botryococcene synthesis while under solvent stress. A 
similar trend was seen in a different study with dodecane extraction resulting in a reduction in 
botryococcene content reduction of higher than 60% (from 37% to 15%) over 7 days of contact 
[3]. The total lipid content was maintained above 65 % during extraction indicating continuous 
column extraction may be suited to lipid production rather than botryococcene. Having a 























































































































































damaged cells and an opportunity to focus its energy on the synthesis and storage of 
botryococcene. Table 6.4 summarises related work on repetitive extraction of lipids from B. 
braunii with heptane and dodecane as well as the lipid productivities achieved with dodecane 
and heptane using column and stirred tank extraction (STE).  
Table 6.4  Summary of botryococcene productivities for repetitive extraction of botryococcene from B. braunii 









(mg L-1 d-1) 
Biomass lost 
(% of extraction 
feed biomass) 
Culture density 
(g L-1) Reference 
Initial Final 
Stirred tanka Heptane 
 
35.5b 13% 1.62 1.45 [10] 
Stirred tanka Dodecane 
 
4.1b 5% 1.25 3.67 [10] 
Column  
(6.3 m d-1) d 




(8.1 m d-1)d 
Dodecane 0.104 2.1 0 1.36 1.92 [3] 
Column  
(26.5 m d-1)d 
Dodecane 0.113 6.4 0 1.76 2.36 [3] 
aThree repeat solvent extractions with 5 days recovery between each 
bBased on the third extraction productivity  
cGrowth rate in the third recovery phase 
dColumn extraction carried out for 7 days, total column height per day 
Botryococcene productivity proved to be much higher with stirred tank extraction (STE) than 
column extraction. Significantly higher shear rates present in STE extraction (0.37 Pa) 
combined with the effects of heptane on the colony exterior, assisted with colony disruption 
granting solvents increased access to ECM lipid content (Figure 6.4). STE of botryococcene 
with dodecane was 88% less effective than heptane showing culture FV/FM values similar to 
that of agitation with no solvent. This could be due to the reduced miscibility of dodecane in 
water, or it could be that the retaining sheath exterior is of a nature which is unaffected by 
dodecane, regardless of the reason, dodecane does not appear to be a suitable solvent for this 
method of extraction. Botryococcus braunii produces certain water-soluble polymers [40] 
which, when released into the extractor, generate an emulsion layer containing a mixture of 
heptane and culture medium [10]. This is a disadvantage of STE extraction and results in the 
loss of a small portion of biomass, which will need to be replaced to sustain a repetitive 
extraction process.  One advantage of this is the replacement of lost cells will introduce new 
cells which have not been under solvent stress increasing culture recovery rates post-extraction. 
Further, it has been found that as colonies reach their stationary phase of growth the retaining 
wall becomes stronger, making it more difficult to achieve colony disruption [22], fresh cells 
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are less likely to be in this late phase of growth. It was also discovered in the column 
extractions, that having a recovery period between extractions is important for botryococcene 
synthesis [4]. From these results, it is clear that some form of shear is necessary to achieve a 
reasonable extraction efficiency, and of the two solvents tested heptane was more effective in 
terms of extraction efficiency. Based on these observations, STE with heptane was used for the 
extraction process model and calculations investigating the scale-up potential of mass 
hydrocarbon production from B. braunii in Section 6.3.2. 
6.3.2 Extraction process model 
In-situ extraction 
Table 6.5 summarises the major parameters surrounding in-situ extraction with 350 mL of 
culture, 150 mL of heptane, a three-day recovery period between extractions, and a total lipid 
extraction efficiency of 30% used as the basis of the extraction process model.  







Density (g L-1) 1.43 1.09 
Volume (mL) 350 325 
Biomass (mg) 502 355 




Heptane volume (mL) 150 150 
Heptane Lipid content (mg) 150 239 
Extraction efficiency 29.7% 
Lipid productivity  
(mg L-1 d-1) 
85.1 
Botryococcene productivity 
(mg L-1 d-1) 
34.1 
A solvent extraction efficiency of 30% assumed (defined as the percentage of total lipid/botryococcene 
in biomass extracted into solvent [10]) 
Lipid density assumed to be 0.835 kg L-1 [41] 
Post-extraction, culture was sent to the recovery phase, while the emulsion/heptane layer was 
sent to be separated. In previous work, emulsion separation was achieved by freezing and 
thawing [4]. This becomes more difficult at a larger scale. It is likely this would involve two 
steps, a gravity separation step to separate solvent, emulsion and medium followed by the 
centrifugation of the emulsion layer. For simplification purposes in this model, these two steps 
have been combined into one (Culture/Solvent Separation, Figure 6.1). The non-solvent stream 
from this separation is then sent to a secondary destructive extraction process. Previously the 
biomass concentration of this stream was determined to be relatively concentrated at 9.56 g L-
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1, significantly reducing the level of dewatering required for dry solvent extraction. The volume 
of culture in this emulsion to be dewatered is also much smaller at 1.4% of the feed volume (5 
mL per 0.35 L of culture). According to Frenz, et al. [30], at a water content of 1% heptane 
contact for 30 minutes can result in a hydrocarbon recovery of 63.7%. Culture activity was 
retained indicating cellular integrity was not lost. Further contact and/or pre-treatment methods 
could potentially extract intercellular lipid content increasing this extraction efficiency. 
Extraction efficiencies of up to 80% for example, have been achieved through high-pressure 
homogenisation of B. braunii slurry through a Jet Paster [35]. For this study, 80% was the 
assumed total extraction efficiency from the feed culture (60% total lipid) to the residual 
biomass (23.5% total lipid). The emulsion separation and secondary extraction efficiency of 
the remaining biomass entrained in the emulsion are summarised in Error! Reference source 
not found..   
Table 6.6 Process model emulsion separation and secondary solvent extraction balance 
Emulsion separation 
Feed Product 
Solvent Emulsion Solvent Emulsion Culture 
Heptane (mL) 150 0 147 3 0 
Culture/medium (mL) 0 25 0 5 20 
Biomass (mg) 239 58 235 61 2 
lipid content 100% 51% 100% 55%a 51% 
Botryococcene content 40% 19% 40% 20% 19% 
 
     
Secondary extraction 
Feed Product 
Solvent Emulsiona Solvent Residual biomass 
Heptane (mL) 100 3 103 0 
Culture/medium (mL) 0 5 0 5 
Biomass (mg) 160 61 185 35 
Lipid content 100% 55% 100% 23.5% 
Botryococcene content 40% 20% 40% 7.8% 
aIncludes lipid content in the heptane (3 mL at 1.6 g L-1 = 4.8 mg) 
100 mL of heptane was used in the secondary extraction (on emulsion biomass) carried out 
previously [4], which has been used for these calculations, this could be significantly reduced 
as the solvent:emulsion ratio was 100:3. Furthermore, as mentioned previously, the emulsion 
could be centrifuged and dried, resulting in increased extraction efficiency [30] and further 
reduced volumetric content.  
Culture recovery post-extraction 
In the non-destructive repetitive extraction carried out previously, the volume culture extracted 
was reduced with consecutive extractions, due to sampling and culture lost to the emulsion 
generated during extraction. In order to maintain a constant culture volume for extraction, this 
must be replaced. If replaced with fresh media the culture concentration drops from 1.09 g L-1 
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post-extraction to 1.01 g L-1 (assuming 25 mL of culture from 350 mL is lost to emulsion). At 
this density with the specific growth rate of 0.098 d-1  , a culture density post-recovery of 1.36 
g L-1 is achieved, which is less than the 1.42 g L-1 used to model the solvent extraction process. 
To get around this in the process model, the media stream (Stream 17) from the settler after 
solvent extraction was combined with replacement nutrients required to maintain a semi-
continuous culture at a density of 1.09 g L-1. This culture was then combined with spent culture 
post-extraction with additional nutrients for recovery phase growth removing any dilution 
which may have resulted from fresh media addition. This has several added benefits, one of 
them being the supply of fresh cells to the process.  
Table 6.7 Breakdown of solvent extraction feed biomass (mg per 350 mL of feed culture).  
Component Fresha Growthb Recyclec Total 
Total biomass 27 120 355 502 
Total lipid 16 103 182 301 
Non-lipid 11 17 173 201 
Percent of cells feed 
to next extractiond  
5.4% 8.5% 86.0% 100% 
aFresh culture added from inoculum ponds 
bBiomass gained during the recovery phase 
cCulture retained from the previous extraction 
dBased on the non-lipid component of the biomass in culture 
Table 6.7 summarises the composition of the biomass going into solvent extraction. From this, 
if we assume new biomass grown during the recovery phase has a total lipid content of 60%, 
we find, of the total biomass gained during the recovery phase (120 mg), 35% is new biomass, 
the remainder being lipids produced by previously extracted biomass. These new cells account 
for 14% of the culture fed to solvent extraction, which have not been previously extracted. In 
previous milking work, the repetitive extraction has been carried out on a culture with no 
nutrients or fresh culture added, in which B. braunii culture has been found to last up to 15 
extractions without replacement [11]. It should, therefore, be reasonable to assume the healthy 
cells in this partially destructive process will be able to provide the biomass lost due to cell 
death in a sustainable extraction process. Hence it is assumed the culture will not require 
replacement.   
Total lipid productivity 
From this model, a total lipid yield of 20.3 mg per 0.35 L of culture feed to the primary 
extraction is achieved in the secondary extraction phase. This corresponds to productivities of 
19.3 and 7.3 mg L d-1 (total lipid and botryococcene respectively), which, when added to the 
primary extraction productivity, gives overall total lipid and botryococcene productivities 
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respectively of 104.4 mg L-1 d-1 and 41.8 mg L-1 d-1. Previous studies have shown total lipid 
productivity for B. braunii to be 44 ± 10.6 mg L-1 d-1 in biomass or 8.2 ± 2.3 mg L-1 d-1 extracted 
in solvent with exceptions reaching 121 mg L-1 d-1 [42] and 15.6 mg L-1 d-1 [18] respectively 
(Table 6.8). The lipid productivity in solvent achieved in the current study is more than 6 times 
greater. The main reason for this, being the high lipid content of the biomass produced during 
the recovery phase. The model in this study produced total biomass and lipid productivities in 
the recovery phase respectively of 114 and 98 mg L-1 d-1, with the remaining lipid coming from 
the fresh culture added at the beginning of the recovery phase. This corresponds to a total lipid 
content in the biomass produced during recovery of 86%. 
Table 6.8 Botryococcus braunii lipid productivity from current literature 





Lipid productivity  
(g m-2 d-1, mg L-1 d-1) 
Reference 
A - Kutz Raceway pond 11% 19% 3.6b [43] 
A - LB-572 Raceway pond - 25% 4.2b [44] 
A - CCAP807/2 Raceway pond - 28% 2.5b [45] 
B - TN101 Raceway pond 23% 52% 5.5b [46] 
B - N-836 Raceway pond - 30% 5.0b [44] 
A - Utex LB572 Flat panel PBR - 16% 2.4b [47] 
A - Utex LB572 Flasks (1 L) - 23% 45b [48] 
? - IBLC117 Flasks (1 L) - 41% 62.0b [48] 
? - KMITL Flasks (1 L) - 35% 14.4b [49] 
? - GUBIOTJTBB1 Flasks (5 L) - 57% 7.2b [50] 
? - GUBIOTJTBB1 Flasks (3 L) - 56% 7.3b [51] 
? - TRG Flask (50 mL) - 26% 46.9b [52] 
A - SAG 30.81 PBR (1.4 L) 6% 38% 84b [53] 
A - 807/1 Air-lift PBR (2.5 L) 27% - 121b [42] 
? - Undefined Air-lift PBR (10 L) - - 71b [54] 
A - SAG 807/1 Column extraction 1% 3% 2.7c [12] 
A - CCAP 807/2 Flasks (500 mL) - 28% 1.4c [55] 
A - Utex LB572 Flat bubble column (1 L) 20% - 15.6c [18] 
B - CCALA 778 Flat panel PBR Outdoor - 24% 2.5c [56] 
B - CCALA 778 Flat PBR - 13% 15.2c [56] 
B - BOT22 Flask (0.25 L) 13% 30% 9.3c [11] 
B - BOT22 Column extraction 23% 64% 16c [3] 
? - GUBIOTJTBB1 Flasks (3 L) - 36% 3.1c [51] 
B - BOT22 Repetitive extraction 22% 60% 104.5c 
Current 
Study 
a% Ash-free dry weight.  
bLipid content in biomass (based on %DW) 
cLipid extracted in solvent  
Raceway pond productivities displayed in g m-2 d-1 
Downstream separation 
34% of the heptane from the secondary extraction is combined with the heptane post-solvent 
extraction and fresh heptane recovered through distillation, to be reused in the following 
solvent extraction. The remaining 66% is sent to be separated and refined, ensuring the total 
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lipid content in the heptane pre-solvent extraction is maintained at 1 g L-1. Heptane and 
botryococcene have boiling points of 98.4 °C and > 300 °C [30], making flash distillation the 
easiest and cheapest choice for separating the two. As the vapour product (heptane) is being 
used for future extractions it does not need to be pure, the crude liquid product, however, will 
require multiple stages as total lipid content in the distillation heptane feed is only 1.8 g L-1. 
For the purposes of this study, we have assumed 10% of the heptane feed to distillation ends 
up in the liquid bottoms product resulting in a total lipid concentration of 15.8 g L-1. The vapour 
product, which is fed back to the extraction process was determined to have 0.2 g L-1 total lipid 
(based on a 90% separation efficiency).  
Nutrient requirements 
Nutrient composition of B. braunii (BOT-22) has been studied previously [8], with the focus 
being on hydrocarbon and nitrogen content. There is limited data available on phosphorus 
content, however, from a study completed by Yoshimura, et al. [29] on a similar strain (Showa, 
B Race), an N:P ratio of 18 ± 4 was found. The study goes on to suggest little difference in N:P 
ratio from the widely accepted Redfield ratio (C106N16P, [57]). Due to the relatively high 
hydrocarbon content of B. braunii, the same cannot be said for the C:N ratio. This, for obvious 
reasons, is strongly dependant on the hydrocarbon content as illustrated by Yoshimura, et al. 
[29]. At 51% extractable hydrocarbon content (by weight with hexane) a molar stoichiometry 
of C82H144NO8.2 is found. The oxygen content in this was found by difference (O = 100 – C – 
H – N), assuming a N:P ratio of 18, we get a molar stoichiometry of C1476H2589N18PO146, which 
is significantly different from the Redfield ratio of C106N16P. Figure 6.6 shows the carbon and 
nitrogen component of several different species of microalgae found in the literature along with 
an estimate of the cost per litre of crude oil produced based on an assumed extraction efficiency 
of 90%. Carbon, nitrogen, and phosphorus incorporated into other non-lipid compounds, and 





Figure 6.6 Carbon (A, assuming an 80% fixation rate) and nitrogen (B) composition of microalgal species found 
in the literature (Non-B. braunii species sourced from Jin, et al. [58]), and estimated cost per litre of crude oil 
based on these compositions. Total lipid extraction efficiency assumed to be 90%. Microalgae compositions and 
total lipid content information can be found in supplementary material, Supplementary Tables 3 and 4. 
There is a significant difference in the composition of B. braunii compared to other species 
(Figure 6.6A, B). Furthermore, the biomass produced in the recovery phase of this non-
destructive process is seen to contain 0.5% nitrogen content, less than a third of the nitrogen 
content found in B. braunii (B race) biomass [8, 26, 51]. This is due to the high lipid content 
of the biomass produced in the recovery phase (86%) which contains little nitrogen (0.381) and 
phosphorus (0.102%). Combined with 25 mL of fresh culture added at the beginning of the 
recovery phase equates total nitrogen and phosphorus consumptions of 0.26 and 0.03 mg L-1 d-
1. With the repetitive milking process, there is very little carbon wasted with most of the 
intercellular carbon retained and very little lipid content in the residual biomass after the 
secondary extraction. This results in a 40% reduction in carbon dioxide requirements when 































































































further reduces the nutrient requirements resulting in total nutrient costs of 0.18 $ L-1, under 
half of that of conventional extraction from the same species, and approximately a third of the 
cost of lipid production from Dunaliella spp. (Figure 6.6C). It should be noted that the high 
nutrient costs predicted with Spirulina spp. does not take into account the potential this 
microalga has for bioethanol production through carbohydrates. While the total lipid content 
of this species is typically low (5 – 16% [59]) it can, under nitrogen limited conditions 
accumulate carbohydrates at up to 73% of its biomass [60].  
Scaleup potential  
The lipid productivity achieved in this study (extracted in solvent) is, as far as we know, 20 
times higher than that achieved in any other repetitive extraction process carried out to date, 
and significantly higher than conventional microalgal lipid productivities (Table 6.8). Bearing 
in mind that B. braunii is a very slow-growing alga, not only is this productivity a significant 
improvement on other B. braunii studies but matches up well when compared to other algal 
strains with higher growth rates.  Lipid productivities for other species are generally around 50 
mg L-1 d-1 (half of that achieved in this work, 104.5 mg L-1 d-1) rarely exceeding 80 mg L-1 d-1 
[61], and as lipid content cannot be extracted from other species without cell disruption the 
nutrient requirements for these species are much higher (Figure 6.6C). A non-destructive 
process does not require harvesting/dewatering and much lower lipid content in solvent (1 g L-
1, Table 6.5) for downstream separation which will result in increased energy demands on the 
separation of the crude oil from solvent. As the solvent extraction process itself has yet to be 
scaled up, we cannot accurately predict the efficiencies and energy/power demands this will 
have on the process. Instead, we will focus on the required pond area with a fixed annual 
production for the culture recovery phase using paddlewheel driven open raceway ponds. This 
is determined, in large, by the total lipid productivity, a factor directly related to both the total 
lipid content and culture growth rate, two factors that have a significant effect on the cost of 
lipid production [15, 23, 62]. 
Paddlewheel driven raceway pond area requirements 
From the limited data available on outdoor cultivation of B. braunii it is evident that as 
expected, due to variations in temperature and light availability, specific growth rates and 
maximum densities are much lower. The specific growth rate of B. braunii in outdoor ponds is 
0.26, 0.3, 0.29 d-1 [43, 44, 46]. This is much lower than observed when Botryococcus is grown 
under laboratory conditions (reaching 0.5 d-1) [29, 63]. While the growth rate observed in the 
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repetitive extraction carried out in previous work was 0.099 d-1 at a culture density of 1.08 g L-
1 – 1.45 g L-1 [10], in order to achieve a similar specific growth rate in a raceway pond the 
culture density will be much lower [4]. The parent culture used for all solvent extractions had 
a maximum culture density (around 3.5 g L-1 ) similar to that of other B. braunii strains [64]. 
Botryococcus braunii cultures cultivated in outdoor raceway ponds have been found to have a 
maximum culture density of 1 – 2 g L-1 [43, 44, 46, 63]. Assuming a maximum culture density 
of 1.5 g L-1 with a growth curve of the same shape as that of one grown indoors, an average 
specific growth rate over the recovery period of 0.09 d-1 is achieved at 0.46 – 0.61 g L-1. At this 
culture density a total lipid productivity of 44.7 mg L-1 d-1, corresponding to (assuming a pond 
depth of 0.3 m) an areal lipid productivity of 13.4 g m-2 d-1 can potentially be achieved. Based 
on an annual total lipid production basis of 15900 m3 per year (100000 bbl y-1), a total pond 
area for culture recovery of 3.00 km2 is required. Fresh culture ponds are required to replace 
biomass lost to emulsion (11.5%, Table 6.2), the size of these ponds was determined based on 
a total biomass productivity of 15.8 g m-2 d-1. This will require an additional 0.53 km2 of pond 
area resulting in a total pond area of 3.53 km2.  
 
Figure 6.7 Required pond area for a number of species found in the literature (15900 m3 y-1 basis with an 80% 
carbon fixation efficiency, 330 days operation per year, total lipid extraction efficiency of 90% and pond depth 
of 30 cm. Microalgae productivities and total lipid content information can be found in supplementary material, 
Supplementary Table 3). 
For a destructive oil extraction process, the total pond area required to produce 15900 m3 y-1 
with B. braunii is estimated to be 8.15 km2, which is similar to that of other species ranging 
from 6.39  km2 to 12.08 km2, with the exception of Spirulina spp. (38.7 km2, Figure 6.7) due 
to low biomass productivity and total lipid content [61, 65]. The non-destructive method 
























to the low lipid productivities associated with conventional destructive microalgal oil 
production processes (4.9 g m-2 d-1, calculated from data in Supplementary Table 3). This 
corresponds to an annual production of 4.5 L m-2. This is a significant improvement on the 102 
bbl ha-1 (1.62 L m-2) predicted by an analysis carried out by Chaudry, et al. [23] on the same 
strain, in large due to the increased lipid productivity. Chaudry, et al. [23] assumed a biomass 
productivity of 9 g m-2 d-1 which is much lower than that achieved in other studies. The model 
used in the current study assumes a biomass productivity of 14.8 g m-2 d-1 during recovery and 
15.8 g m-2 d-1 in the inoculum ponds, which is still low when compared to other species. 
Dunaliella spp. for example, has been successfully grown with outdoor productivities ranging 
from 20 – 37 g m-2 d-1 [66]. Thanks to the high lipid content of the B. braunii gained in the 
recovery phase, lipid productivity is much higher with a repetitive extraction process, which is 
the main reason for the observed reduction in pond area (Figure 6.7).  The high areal 
requirements of Spirulina spp., again, can be explained by the low lipid content which does not 
take into account the high carbohydrate content achievable under nitrogen limited growth.  
Sensitivity analysis 
The two variables with the highest impact when it comes to areal and nutrient requirements are 
the microalgal total lipid content and the biomass productivity [23]. Increasing either of these 
can result in significantly reduced volumetric throughputs reducing land, labour, maintenance, 
equipment, water and other costs associated with both capital expenditure and operational 
costs. We found from varying the culture density achieved at the end of the recovery phase 
(directly affecting the biomass productivity), there was little effect on the nutrient demand. 
This is to be expected, as the pond volume increases to compensate resulting in the same annual 
biomass production. The culture total lipid content had a more significant effect (Figure 6.8A). 
The annual biomass losses (residual biomass post-secondary extraction) with total lipid content 
values of 50% and 60%, for example, are 50 and 35.7 t y-1 respectively. Without nutrient 
recycle the nutrients lost in this biomass must be replaced which results in an increase in sodium 
nitrate and di-ammonium phosphate consumption of 78%. For every 10% decrease in total lipid 
content an increase of 75 – 100% is seen in these nutrients resulting, at a total lipid content of 
30%, in a total nutrient cost of 4.35 $ L-1. While this is a significant increase, it is only 
marginally higher than that of conventional extraction with B. braunii, which is estimated to 




Figure 6.8 Effect of total lipid content and culture density on nutrient costs (A) and required pond area (B) for 
the non-destructive production of lipids from B. braunii (15900 m3 y-1 basis with an 80% carbon fixation 
efficiency, 330 days operation per year, total lipid extraction efficiency of 90% and pond depth of 30 cm. 
Microalgae productivities, total lipid content and elemental composition information can be found in 
supplementary material, Supplementary Tables 3 and 4) 
Pond areal requirements are affected by both the productivity and total lipid content with a 
20% reduction in culture density (0.5 g L-1) and a reduction in total lipid content to 50% 
resulting in an increase in pond area of 47% to 5.18 km2 (Figure 6.8B). In order for the required 
pond area to increase to that of Dunaliella spp. (6.38 km2) at culture densities of 0.496 g L-1 
and 0.372 g L-1, total lipid contents of 41% and 52% respectively are required. Under these 
conditions, the recovery phase biomass productivities are 8.8 and 7.92 g m-2 d-1, which are 
significantly lower than those achieved in the literature (Supplementary Table 3). A culture 
density of 0.62 g L-1 corresponds to a biomass productivity in the recovery phase of 14.8 g m-
2 d-1. This is still low when compared to other studies which have achieved productivities of 19 
and 25 g m-2 d-1 at total lipid content values of 19% and 25% respectively [43, 44]. Under these 
conditions, areal requirements of 9.91 and 3.35 km2 respectively are predicted, however, it is 
unlikely productivities this high will be possible with the culture being in sub-optimal condition 
for the first day of recovery.  
While this process also has the bonus of no harvesting/dewatering step, which, for an open 
raceway pond can account for 12 – 25% of the total costs [14-17]. A disadvantage which should 
not be overlooked is the volumetric throughput of the solvent extraction process. If the culture 
is put through solvent extraction at a concentration of 0.62 g L-1, a throughput of 299735 m3 d-
1 is required. This would require a large solvent extraction system with many more units than 
conventional extraction. Increasing the culture density will have a significant effect on this, 
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option is the partial dewatering of B. braunii prior to extraction, which has been done without 
the compromisation of culture condition [30]. If feasible at a large scale, the reduced solvent 
extraction throughput may outweigh the additional dewatering costs. 
 CONCLUSIONS/RECOMMENDATIONS  
Column productivities achieved with both heptane and dodecane were significantly lower than 
those achieved in stirred tank extraction (STE, 35.5 mg L-1 d-1 [10]). Without mechanical stress 
to break through the colony retaining wall, there was insufficient access to lipid content stored 
within the colony ECM. Extraction efficiency with heptane was lower than dodecane in column 
extraction due to reduced solvent/culture contact, but much higher in STE. Based on this, STE 
with heptane was selected as the extraction method for B. braunii. After incorporating a 
secondary extraction step into the process, overall botryococcene and crude lipid productivities 
respectively of 41.8 and 104.4 mg L-1 d-1 were achieved. This is significantly higher than 
previous studies on solvent extraction from B. braunii which currently have not exceeded 16 
mg L-1 d-1 (total lipid extracted in solvent, Table 6.8).  
Due to the high lipid content of B. braunii (B race) biomass nitrogen and phosphorus content 
is less than a third of that of other species mentioned in literature. This combined with the 
retaining of cells for future extractions results in significantly reduced nutrient costs (per litre 
of lipid produced) and the retaining of carbon content not contained in extractable lipids means 
carbon dioxide costs also have the potential for reduction. As a result of the high lipid 
productivity of this process, the areal requirements are reduced to less than half of that predicted 
with conventional extraction which will result in reductions in land costs, pond construction 
and equipment costs, and pond operational costs.  
Variations in culture total lipid content and density will have a significant effect on both the 
nutrient costs and pond area requirements. A reduction in total lipid content from 60% to 50% 
for example, results in close to a two-fold increase in di-ammonium phosphate and sodium 
nitrate costs. This being said, the nutrient costs are so low, that in order for the total nutrient 
costs of this process to come close to that of conventional extraction the total lipid content 
would have to drop to 30%, which is not likely for this species of B. braunii. Even with a 
reduction in density of 20%, a total lipid content of 48% is required for the pond area to reach 
that of Dunaliella spp. indicating it is unlikely this process will require as much land as 
conventional extraction alternatives.  
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This process also has the bonus of no harvesting/dewatering step, which, for an open raceway 
pond can account for 12 – 25% of the total costs [14-17]. One of the disadvantages of this 
process which should not be overlooked is the volumetric throughput of the solvent extraction 
process. The culture is put through solvent extraction at a concentration of 0.62 g L-1, which 
requires a throughput of 299735 m3 d-1. This would require a large solvent extraction system 
with many more units than conventional extraction. The design of the solvent extraction 
process still requires a great deal of work, STE is not likely to be the most energy-efficient way 
of applying the required mechanical shear to disrupt colonies. Column extraction is a much 
less energy-intensive process, which, if coupled with a high shear pre-treatment like that 
applied by Tsutsumi, et al. [35], could still generate high lipid productivities.  
 There are many other variables which can be improved to reduce downstream extraction 
processes which have not been discussed in this study, such as the optimisation of the bio-oil 
refining process to produce more valuable products and increasing the lipid content of the 
heptane recycle (reducing distillation energy requirements). Furthermore, the oil produced by 
B. braunii is not only a suitable source for the production of gasoline jet fuel and/or diesel [58, 
67], but various other products produced from B. braunii offer unique revenues for the 
repetitive extraction process. The residual biomass can be used as a potential feed source for 
catalytic gasification to produce syngas [7], and certain water-soluble compounds produced by 
B. braunii can be extracted from residual biomass and sold for use as a bioactive ingredient in 
skincare products [68]. The relatively high value of the hydrocarbons produced by B. braunii 
combined with the reduced nutrient and land costs, and the removal of the dewatering step 
from the conventional extraction process give this method of extraction great potential for the 
affordable commercialisation of 3rd generation oil production from microalgae.  
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Chapter 7: CHAPTER OUTCOMES AND CONCLUDING 
REMARKS AND RECOMMENDATIONS 
FOREWORD 
Each chapter presented outcomes which were integral in the design and implementation of the 
next set of experiments. This chapter is a summary of those outcomes followed by final 
concluding recommendations and remarks from this thesis. 
 OUTCOMES 
7.1.1 Chapter 2 
From the review of literature on the repetitive extraction of lipids from B. braunii; different 
races (A, B, L, and S), solvents (dihexyl ether, dodecane, dodecyl acetate, heptane, hexane, 
octane, n-octanol, tetradecane), and extraction systems were considered for their suitability and 
potential to successfully milk hydrocarbons. The following outcomes from this review were 
used to design experiments carried out in the chapters following.  
1. There is still a lot of unknown variables when it comes to the repetitive extraction of 
hydrocarbons from microalgae. Botryococcus braunii strains can be grouped into four 
different races defined by the nature of the hydrocarbons they produce. Furthermore, 
each race tends to be unique in the rate and quantity of hydrocarbon accumulation, two 
aspects which will have a significant effect on the recovery and overall total lipid 
productivity. B Race was selected for a consistently high lipid content of high quality 
and purity of botryococcenes; compounds which possess high potential for biofuel and 
use as a bioactive ingredient in the cosmetics industry.    
2. Solvent selection is an important aspect of the extraction process which will determine 
the solvent contact time and mechanism to be used for effective solvent/culture contact. 
Solvent biocompatibility, boiling point (for ease of downstream separation), extraction 
efficiency, cost, and safety are all factors which must be considered in the solvent 
selection process. After taking these aspects into consideration, hexane, heptane, octane 
and octanol were determined to be the best-suited solvents primarily for their extraction 
efficiencies, low cost, and low boiling points. Of these four solvents, hexane and 
octanol were disregarded due to the low biocompatibility, a factor which for a non-
destructive process is extremely important. According to the study completed by Frenz 
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et al. (1989) octane and heptane had almost identical biocompatibility and extraction 
efficiency which is to be expected from two very similar compounds. In the end heptane 
was selected due to the low cost and boiling point making the separation of solvent 
from botryococcene easier.   
3. It was difficult to select an extraction system based on the limited data available. The 
two main factors considered for in-situ solvent extraction were shear stress and mass 
transfer efficiency. Centrifugal extraction was ruled out due to the high levels of shear 
stress, which would likely result in cell death. Pulsed sieve column, with its low shear, 
ease of solvent containment and potential control over culture/solvent droplet diameter 
was at that stage found to be the optimal method for extraction. This was later 
determined to be too conservative with insufficient shear rates and was later found to 
be essential for colony disruption (a pre-requisite of efficient lipid extraction).  
4. From this review, it was also discovered that there was a large gap in the literature with 
regards to; the resistance of B. braunii to hydrodynamic shear, repetitive extraction 
frequency, solvent contact period and the effects of nutrient supplementation post-
extraction. All four of which are important factors to consider in the optimisation of 
extraction efficiency while maintaining a healthy culture. 
7.1.2 Chapter 3 
Studying the response of B. braunii to high levels of hydrodynamic shear while exposed to 
heptane was an important step in understanding the repetitive extraction process and helped 
determine extraction conditions and limitations for repetitive extraction. These are the major 
outcomes which assisted in the repetitive extraction design and optimisation.  
1. Heptane was found to be a suitable solvent for solvent extraction on this particular strain 
of B. braunii with culture maximum quantum yield maintained above 0.4 for the 
duration of solvent extraction and recovering to 0.6 two days post solvent contact.  
2. There was little to no effect on culture condition without solvent present, at any of the 
tested shear rates tested, indicating solvent contact to be an integral component of 
colony disruption.  
3. Micro eddies generated as a result of turbulent flow around the agitator were determined 
to be the major cause of colony disruption with a predicted diameter of around 52 µm, 
small enough to disrupt colonies but too large to compromise cellular integrity.  
4. Culture growth post-extraction was high resulting in a total lipid productivity over the 
recovery period of 82 mg g-1 d-1. The optimal extraction conditions were found to be; 
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A mixing rate of 600 rpm (shear rate of 415 s-1), extraction period of four hours with a 
culture:solvent ratio of 350:150 mL. Culture recovery took up to three days with a slight 
drop in botryococcene content and complete recovery of total lipid content.  
7.1.3 Chapter 4 
There are several variables which can be altered in the repetitive extraction process. Once these 
parameters have been selected, testing the limits to which they can be altered is a necessary 
step in optimising the repetitive extraction process. This chapter tested a few different variables 
and narrowed the range of extraction parameters down to improve the accuracy of the 
assumptions made in predicting the potential of this repetitive extraction process for scale-up. 
Outcomes from this chapter include: 
1. Repetitive extraction proved to be sustainable with the culture replacing lost biomass 
(extracted and/or any casualties to high shear/solvent toxicity) for at least three 
repetitions with the culture appearing healthy three days after the final extraction 
indicating further extractions to be possible. Initial tests showed that at higher culture 
densities culture recovery was poor indicating a correlation between culture extraction 
density and the required recovery period post-extraction. Extraction efficiencies were 
found to increase with consecutive extractions.  
2. While the lipid content was sustained throughout the repetitive extraction process, 
botryococcene synthesis was slower and could not keep up with extractions reducing 
with each solvent contact.  
3. Optimal initial extraction conditions were found at 1.62 g L-1 with a recovery period of 
three days. Increasing the culture density beyond this required longer recovery periods 
which resulted in culture collapse.  
4. Reducing the solvent contact time from four to three hours resulted in significantly 
reduced extraction efficiencies, likely to be the result of reduced colony disruption. It 
was concluded that either a pre-treatment step or high shear extraction process would 
be required for the disruption of B. braunii colonies in order to obtain reasonable lipid 
extraction efficiencies at the reduced solvent contact time.  
5. The fibrillar retaining sheath coating the retaining wall enveloping colonies and 
hydrocarbon-rich matrix acted as a barrier preventing the solvent from accessing 
extractable lipids. This was more evident in the dodecane extractions showing low lipid 
extraction efficiencies when compared to heptane.  
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6. Culture condition was unaffected by dodecane extraction and displayed elevated 
growth rates during and post-extraction.   
7. The most important outcome from this chapter was the confirmation of the ability of B. 
braunii to recover with repeated heptane extraction. While the process is crude and 
would be difficult to carry out at large scale, this work shows the importance of colony 
disruption and eludes to the extraction mechanism and requirements for an efficient 
solvent extraction process. 
7.1.4 Chapter 5 
Dodecane is a solvent which has been found to have significantly less detrimental effect on 
culture condition as shown in Chapter 3. In this chapter, we studied the extraction efficiency 
of dodecane in the hopes of being able to carry out a continuous extraction where there is no 
recovery period between extractions and the cultivation and extraction are carried out 
simultaneously. A few of the important findings from this study include: 
1. It was possible to continuously extract botryococcene from B. braunii with no negative 
effects on culture condition and growth observed.  
2.  Botryococcene levels in the culture dropped over the seven days of extraction 
indicating the cultures rate of synthesis under these conditions to be less than the rate 
of extraction, hence this process is not sustainable from a botryococcene productivity 
perspective.  
3. There is still potential to improve the extraction rates of botryococcene through 
increased flow rates through the column, increased culture droplet surface area and 
increased column height without compromising the culture.  
4. Most of the hydrocarbon content extracted was in the first day of solvent contact, after 
this little productivity was achieved. Continuous extraction seemed to inhibit 
botryococcene production with little gain in extraction rate. It is likely a repeated 
extraction with a recovery period between solvent contact will result in higher overall 
botryococcene productivity.    
7.1.5 Chapter 6 
This chapter acts as a summary of the solvent extractions carried out in chapters two through 
six illustrating the importance of colony disruption in the solvent extraction process and 
attempts to quantify the potential reductions in nutrient and pond area requirements of a 
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repetitive extraction process when compared to a destructive solvent extraction process. The 
major outcomes of this chapter are: 
1. Low shear rate extraction methods such as column extraction produce significantly 
lower extraction rates when compared to high shear alternatives.  
2. Due to the retaining sheath surrounding B. braunii colonies, it is essential to have a 
colony disruption step either before or during solvent extraction in order to achieve high 
lipid productivities.  
3. The increased lipid productivities achieved have the potential to half the pond area 
requirements when compared to conventional destructive extraction. 
4. Botryococcus braunii nutrient costs due to high lipid content and the retaining of culture 
post extraction are estimated to be less than a third of that required for a conventaional 
destructive process.  
5. This work has confirmed the concept of repetitive extraction and sheds further light on 
the potential it has to significantly reduce the cost of third-generation biofuels.  
 RECOMMENDATIONS 
This process is far from complete, below is a list of a few important issues which have yet to 
be addressed and would provide valuable data for the accurate techno-economic assessment of 
the process.  
1. Stirred tank reactors are not the easiest or most efficient extraction vessels to scale up. 
This work has confirmed that repetitive extraction is feasible, but it requires a certain 
level of mechanical induced colony disruption to be effective. It is recommended that 
an alternative low-cost disruption method which can easily be scaled up should be 
found and coupled with a low shear high solvent contact extraction method such as 
column extraction for further improvements in extraction efficiency.  
2. The recovery of B. braunii post-extraction in raceway ponds has yet to be tested, 
assumptions on the rate of recovery used in this study are speculative and require further 
investigation.  
3. Carrying out repetitive extraction with a small portion of fresh culture added after each 
extraction (to make up for biomass lost to emulsion) as well as close monitoring of 
nutrients and medium pH with supplementation as required for at least a dozen 
extractions would provide important data for a more accurate process model.   
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This study provides important data on the repetitive extraction of lipids from B. braunii and 
the requirements of an effective extraction process, however, there are too many unanswered 
questions to say with confidence how much more efficient this process is when compared to a 
conventional destructive extraction method. Applying these findings to the design and testing 
of a pilot-scale extraction process will shed further light on the potential of a repetitive, in-situ, 
non-destructive solvent extraction process for biofuel production. 
 
Frenz J, Largeau C, Casadevall E, Kollerup F, Daugulis A (1989) Hydrocarbon recovery and 
biocompatibility of solvents for extraction from cultures of Botryococcus braunii. 
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Supplementary Table 1 Stream flow rates for a single lab scale solvent extraction. Values are per extraction (every three days). For annual flows divide by 3 (recovery period 
between extractions) and multiply by 330 (plant operating days per year). 
Stream # Short description Biomass (mg) Culture (ml) Heptane (mg) Total lipid (mg) Botryococcene (mg) 
1 Carbon dioxide  94.80 0.00 0.00 85.67 40.49 
2 Nutrients 24.97 0.00 0.00 0.00 0.00 
3 Fresh culture 27.30 25.00 0.00 13.68 6.18 
4 Culture recovery feed 382.24 350.00 0.00 165.83 73.07 
5 Solvent extraction feed 502.00 350.00 0.00 251.50 113.55 
6 Spent culture 354.93 325.00 0.00 152.15 66.89 
7 Residual biomass (demulsified) 35.44 5.00 0.00 6.95 2.50 
8 Heptane post extraction 297.07 25.00 102.48 224.60 106.62 
8a Heptane post-extraction 239.35 0.00 102.40 199.86 95.74 
8b Emulsion post extraction 57.72 25.00 0.07 24.74 10.88 
9 Solvent extraction heptane feed 150.00 0.00 102.48 125.25 59.96 
10 Residual emulsion 35.44 5.00 0.00 6.95 2.50 
11 Secondary extraction emulsion feed 60.57 5.00 2.05 27.93 12.44 
12 Heptane from settler 234.50 0.00 100.43 195.81 93.80 
13 Secondary extraction heptane feed 159.41 0.00 68.27 133.11 63.77 
14 Heptane from splitter 1 75.09 0.00 32.16 62.70 30.04 
15 Loaded heptane from secondary extraction 184.54 0.00 70.32 154.09 73.71 
16 Heptane recycle 62.73 0.00 23.90 52.38 25.05 
17 Media recovered from settler 2.00 20.00 0.00 0.86 0.38 
18 Loaded heptane for refinement 121.81 0.00 46.42 101.71 48.65 
19 Heptane distillation recycle 12.18 0.00 46.42 10.17 4.87 
20 Distillation tops product 12.18 0.00 46.37 10.17 4.87 
21 Crude lipid product 109.63 0.00 0.05 91.54 43.79 




Supplementary Table 2 Stream flow rates for open raceway pond model. Values are per extraction (every three days) based on 100000 bbl per annum total lipid production. 
For annual flows divide by 3 (recovery period between extractions) and multiply by 330 (plant operating days per year). 
Stream # Short description Biomass (kg) Culture (m3) Heptane (kg) Total lipid (kg) Botryococcene (kg) 
1 Carbon dioxide  105278.06 0.00 0.00 113944.97 44987.49 
2 Nutrients 27731.04 0.00 0.00 0.00 0.00 
3 Fresh culture 30321.29 64228.93 0.00 18192.77 6858.68 
4 Culture recovery feed 424498.01 899205.03 0.00 220559.30 81120.62 
5 Solvent extraction feed 557507.12 899205.03 0.00 334504.27 126108.11 
6 Spent culture 394176.73 834976.10 0.00 202366.53 74261.95 
7 Residual biomass (demulsified) 37506.26 12845.79 0.00 8813.97 2644.19 
8 Heptane post extraction 548703.97 64228.93 263279.85 517511.33 205917.45 
8a Emulsion post extraction 64101.99 64228.93 81.28 32909.34 12076.66 
8b Heptane post-extraction 484601.98 0.00 263198.56 484601.98 193840.79 
9 Solvent extraction heptane feed 385373.58 0.00 263279.85 385373.58 154071.29 
10 Residual emulsion 37506.26 12845.79 0.00 8813.97 2644.19 
11 Secondary extraction emulsion feed 68704.36 12845.79 5265.60 40012.07 15004.89 
12 Heptane from settler 474861.30 0.00 258014.25 474861.30 189944.52 
13 Secondary extraction heptane feed 322935.36 0.00 175465.82 322935.36 129174.14 
14 Heptane from splitter 1 151925.93 0.00 82548.43 151925.93 60770.37 
15 Loaded heptane from secondary extraction 354133.46 0.00 180731.41 354133.46 141534.84 
16 Heptane recycle 233326.84 0.00 119077.96 233326.84 93252.63 
17 Media recovered from settler 5138.31 51383.14 0.00 2637.96 968.05 
18 Loaded heptane for refinement 120806.62 0.00 61653.45 120806.62 48282.21 
19 Heptane distillation recycle 120.81 0.00 61653.45 120.81 48.28 
20 Distillation tops product 120.81 0.00 55488.11 120.81 48.28 
21 Crude lipid product 120685.81 0.00 6165.35 120685.81 48233.93 





Supplementary Table 3 Biomass productivity and total lipid content for different species of microalgae grown under outdoor raceway pond conditions. 









































Botryococcus braunii Kutz (A) 
Botryococcus braunii LB-572 (A) 














Botryococcus braunii TN101 (B) 











aValues taken from Supplementary Table 4 due to lack of available information on outdoor growth.   
 
 
Supplementary Table 4 Elemental composition, ash and lipid content of different species of microalgae.  
Species 
Elemental composition (%AFDW) 
Ash Lipid content Environment Reference 
C H N O S 
Spirulina spp. 54.4% 7.6% 10.9% 26.3% 0.8% 7.6% 10% Lab [1, 8] 
Chlorella spp. 53.2% 7.6% 8.2% 30.5% 0.5% 6.9% 26.7% Lab [8-10] 
Nannochloropsis spp. 54.9% 7.7% 7.8% 29.6% - 21.1% 39.2% Lab [9, 11] 
Dunaliella spp. 51.9% 7.1% 5.2% 35.8% - 16.5% 5.2% Lab [12] 




Nutrient cost equation ($ L-1) 






























𝑥𝐿,𝑎 = 𝑥𝐿𝐸𝐿 











𝑥𝑛 is the component of algal biomass which is element n (ash free dry weight%, Supplementary 
table 4) 
𝑥𝑛,𝑎 is the actual mass of nutrient required once fixation efficiency has been taken into account 
𝐶𝑛 is the cost of nutrient n in its purchased form ($ t
-1) 
𝑀𝑛,𝑎 is the molar mass of element n (g mol
-1) 
𝑥𝐿 is the lipid component of algal biomass (ash free dry weight%, Supplementary table 3) 
𝑥𝐿,𝑎 is the actual lipid component extracted (with extraction efficiency taken into account).  
𝐸𝐿 is the assumed lipid extraction efficiency of the destructive extraction process (90%)  
𝐸𝐹,𝑛 is the fixation efficiency of nutrient n (80% for carbon, 100% for nitrogen and phosphorus)  




𝜌𝐿 is the assumed lipid density (kg L
-1, 0.835 kg L-1) 
Pond cultivation area requirement equation (km3) 
𝑃𝑜𝑛𝑑 𝑎𝑟𝑒𝑎 (𝑚2) =
𝑅𝑒𝑞𝑢𝑖𝑟𝑒𝑑 𝑙𝑖𝑝𝑖𝑑 𝑝𝑟𝑜𝑑𝑐𝑢𝑡𝑖𝑜𝑛 (𝑔 𝑑−1)
𝐶𝑢𝑙𝑡𝑢𝑟𝑒 𝑙𝑖𝑝𝑖𝑑 𝑝𝑟𝑜𝑑𝑐𝑢𝑡𝑖𝑣𝑖𝑡𝑦 (𝑔 𝑚−2 𝑑−1)
 
𝑅𝑒𝑞𝑢𝑖𝑟𝑒𝑑 𝑙𝑖𝑝𝑖𝑑 𝑝𝑟𝑜𝑑𝑐𝑢𝑡𝑖𝑜𝑛 (𝑔 𝑑−1) = 100000 𝑏𝑏𝑙 𝑦−1 = 15900 𝑚3 𝑦−1
= 40228584 𝑔 𝑑−1 
Assuming 330 days production per year and a lipid density of 0.835 kg L-1 
𝐶𝑢𝑙𝑡𝑢𝑟𝑒 𝑙𝑖𝑝𝑖𝑑 𝑝𝑟𝑜𝑑𝑐𝑢𝑡𝑖𝑣𝑖𝑡𝑦 (𝑔 𝑚−2 𝑑−1) = 𝑃𝑥𝑥𝐿𝐸𝐿  
Where 𝑃𝑥 is the biomass productivity of microalgae x (Supplementary table 3).  
Resulting in the following equation: 




Supplementary material references  
[1] M.J. Griffiths, S.T. Harrison, Lipid productivity as a key characteristic for choosing algal 
species for biodiesel production, J Appl Phycol, 21 (2009) 493-507, 
https://www.doi.org/10.1007/s10811-008-9392-7. 
[2] S.S.M. Mostafa, N.S. El-Gendy, Evaluation of fuel properties for microalgae Spirulina 
platensis bio-diesel and its blends with Egyptian petro-diesel, Arabian Journal of Chemistry, 
10 (2017) S2040-S2050, https://doi.org/10.1016/j.arabjc.2013.07.034. 
[3] N.R. Moheimani, The culture of coccolithophorid algae for carbon dioxide bioremediation, 
Murdoch University, 2005,  
[4] V. Ashokkumar, R. Rengasamy, Mass culture of Botryococcus braunii Kutz. under open 
raceway pond for biofuel production., Bioresour Technol, 104 (2012) 394-399, 
https://doi.org/10.1016/j.biortech.2011.10.093. 
[5] A. Ranga Rao, G.A. Ravishankar, R. Sarada, Cultivation of green alga Botryococcus 
braunii in raceway, circular ponds under outdoor conditions and its growth, hydrocarbon 
production, Bioresour Technol, 123 (2012) 528-533, 
https://doi.org/10.1016/j.biortech.2012.07.009. 
[6] J. Zhang, Culture of Botryococcus braunii, Murdoch University, Perth, Australia, 2013,  
[7] V. Ashokkumar, E. Agila, P. Sivakumar, Z. Salam, R. Rengasamy, F.N. Ani, Optimization 
and characterization of biodiesel production from microalgae Botryococcus grown at semi-
176 
 
continuous system, Energy Conversion and Management, 88 (2014) 936-946, 
https://doi.org/10.1016/j.enconman.2014.09.019. 
[8] A.B. Ross, P. Biller, M.L. Kubacki, H. Li, A. Lea-Langton, J.M. Jones, Hydrothermal 
processing of microalgae using alkali and organic acids, Fuel, 89 (2010) 2234-2243, 
https://doi.org/10.1016/j.fuel.2010.01.025. 
[9] P. Biller, R. Riley, A.B. Ross, Catalytic hydrothermal processing of microalgae: 
decomposition and upgrading of lipids, Bioresour Technol, 102 (2011) 4841-4848, 
10.1016/j.biortech.2010.12.113. 
[10] E.A. Ehimen, S. Connaughton, Z. Sun, G.C. Carrington, Energy recovery from lipid 
extracted, transesterified and glycerol codigested microalgae biomass, GCB Bioenergy, 1 
(2009) 371-381, 10.1111/j.1757-1707.2009.01029.x. 
[11] Y. Li, S. Lian, D. Tong, R. Song, W. Yang, Y. Fan, R. Qing, C. Hu, One-step production 
of biodiesel from Nannochloropsis sp. on solid base Mg–Zr catalyst, Applied Energy, 88 
(2011) 3313-3317, 10.1016/j.apenergy.2010.12.057. 
[12] Y. Chen, Y. Wu, R. Ding, P. Zhang, J. Liu, M. Yang, P. Zhang, Catalytic hydrothermal 
liquefaction of D. tertiolectafor the production of bio-oil over different acid/base catalysts, 
AIChE Journal, 61 (2015) 1118-1128, 10.1002/aic.14740. 
[13] H. Watanabe, D. Li, Y. Nakagawa, K. Tomishige, K. Kaya, M.M. Watanabe, 
Characterization of oil-extracted residue biomass of Botryococcus braunii as a biofuel 
feedstock and its pyrolytic behavior, Applied Energy, 132 (2014) 475-484, 
https://doi.org/10.1016/j.apenergy.2014.07.037. 
[14] Y.-Q. Liu, L.R.X. Lim, J. Wang, R. Yan, A. Mahakhant, Investigation on Pyrolysis of 
Microalgae Botryococcus braunii and Hapalosiphon sp, Industrial & Engineering Chemistry 
Research, 51 (2012) 10320-10326, https://doi.org/10.1021/ie202799e. 
[15] J. Talukdar, M.C. Kalita, B.C. Goswami, D.D. Hong, H.C. Das, Liquid Hydrocarbon 
Production Potential of a Novel Strain of the Microalga Botryococcus braunii: Assessing the 
Reliability of in Situ Hydrocarbon Recovery by Wet Process Solvent Extraction, Energy & 
Fuels, 28 (2014) 3747-3758, https://doi.org/10.1021/ef402298r. 
 
